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Simulating hydro-geochemical processes is crucial to understand a wide range of earth 
processes including carbon capture utilization and storage (CCUS), and risk assessment.  
However, simulating heterogeneous fully-coupled non-linear reactive transport at scales 
applicable to CCUS scenarios is computationally expensive.  A streamline approach that 
simplifies a three-dimensional transport problem to a one dimensional transport problem in 
residence time is used to model non-linear kinetic geochemical reactions and transport over large 
domains.  The efficiency achieved by the streamline approach allows for the simulation of 
ensembles of non-linear kinetic hydro-geochemical transport realizations on an 8-core Linux 
machine.  CO2 leakage from a hypothetical CCUS operation into groundwater is used to 
showcase the streamline approach for simulating complex hydro-geochemical transport within an 
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CHAPTER 1                                           
GENERAL INTRODUCTION 
Simulating reactive transport of aqueous solutes that chemically interacts with aquifer 
mineralogy is essential for understanding a wide range of earth processes including chemical 
weathering (Steefel et al., 2005; Navarre-Sitchler et al., 2011; Moore et al., 2012), carbon 
capture utilization and storage (CCUS) (Apps et al., 2010; Atchley et al., 2013; Navarre-Sitchler 
et al., 2013), water quality, and risk assessment (Siirila and Maxwell, 2012).  CCUS feasibility 
and impacts to groundwater investigations particularly require consideration of both hydrological 
and geochemical processes (Carrol et al., 2009; Zheng et al., 2009; Wilkin and Digiulio, 2010; 
Atchley et al. 2013).   However, simulating heterogeneous fully coupled non-linear reactive 
transport at large scales is a computationally expensive endeavor, which forces studies to employ 
high performance computing (Hammond and Lichtner, 2010; Navarre-Sitchler et al., 2013) or to 
simplify either transport or the geochemical complexity (Tompson et al., 1996; Sanchez-Vila, 
2007; Fernàndez-Garcia, 2008).   Moreover, uncertainties in domain parameters such as the 
spatial distribution of hydraulic conductivity or mineral reactivity cannot be accounted for in a 
deterministic fashion because of the computational demand of solving complex non-linear 
reaction kinetics and transport within Monte Carlo ensembles.   
A streamline approach to model fully kinetic geochemical reactions and transport over 
large domains is presented that deterministically solves transport and non-linear kinetic 
reactions.  The streamline approach reduces three-dimensional transport in space to a one-
dimensional transport equation in terms of time of flight or residence time (τ) for a collection of 
flow paths.  The efficacy gained from simulating reactive transport on one-dimensional 
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streamlines allows for a Monte Carlo method to account for subsurface uncertainties and non-
linear geochemical kinetic reactions.  
 A CO2 intrusion into potable groundwater from a hypothetical CCUS operation is used 
to showcase the applications of the streamline approach for simulating complex reactive 
transport within a Monte Carlo framework in each of the three chapters that makeup the body of 
this dissertation.  The role of physical heterogeneity and non-linear kinetic geochemical reactions 
on ensemble characteristics is investigated throughout all three chapters.  I first explore how 
physical heterogeneity influences kinetic reactions for ensembles of three variances of the natural 
log of hydraulic conductivity (σ2lnK = 1, 3.61 and 16).  Then I demonstrate the applicability of the 
streamline approach to estimate human health risk due to a CO2 intrusion into a potable aquifer.  
Finally, I explore the role of spatially heterogeneous reactive surface areas over an ensemble of 
physically heterogeneous domains on effective reaction rates.  Below are abstract descriptions of 
each chapter’s purpose and conclusions.    
1.1 Using streamlines to simulate stochastic reactive transport in heterogeneous aquifers: 
Kinetic metal release and transport in CO2 impacted drinking water aquifers  
A Lagrangian streamline approach that stochastically represents uncertainty in spatial 
hydraulic conductivity distribution is coupled to kinetic reactive transport in a heterogeneous 3-D 
domain.  This methodology is designed to efficiently account for uncertainties inherent in 
subsurface reactive transport while maintaining hydro-geochemical processes.  A hypothetical 
CO2 leak from a geological carbon storage site into an overlying aquifer is used to simulate 
reactive transport where contamination may occur.  Uncertainty in subsurface hydraulic 
conductivity is accounted for using correlated, Gaussian random fields in a Monte Carlo 
approach. In this approach 100 realizations of each ensemble were simulated with variances of 
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the natural log of hydraulic conductivity (σ2lnK) of 1, 3.61, and 16.  Peak ensemble lead 
concentrations were found at σ2lnK of 3.61, the middle of the variances simulated.  σ2lnK within 
an aquifer was found to influence chemical residence time, which in turn determined the 
equilibrium state of the plume along the flow path and at the pumping well thus driving 
geochemical conditions. However, macrodispersion due to heterogeneous flow paths caused 
lower contaminant concentrations at the pumping well due to dilution with uncontaminated 
water.  Furthermore, a strong link between σ2lnK and the probability of well-capture was found, 
suggesting that proper characterization of the σ2lnK within an aquifer will help to quantify the 
impact of uncertainty on risks of groundwater contamination.   
1.2 Human Health Risk Assessment of CO2 Leakage into Overlying Aquifers Using a 
Stochastic Geochemical Reactive Transport Approach 
Increased human health risk associated with groundwater contamination from potential 
Carbon dioxide (CO2) leakage into a potable aquifer is predicted by conducting a joint 
uncertainty and variability (JUV) risk assessment.  The approach presented here explicitly 
incorporates heterogeneous, geochemical reactive transport in an efficient manner. This method 
also considers uncertainty in transport characteristics and variability within potentially exposed 
members of the population to increased lead concentrations in groundwater using a nested, or 
two-stage, Monte Carlo approach.  A streamline technique was used to simulate coupled hydro-
geochemical transport in a hypothetical, heterogeneous 3D aquifer. Lead concentration 
ensembles resulting from a CO2 leak into the hypothetical potable aquifer were then used in a 
human health exposure and risk analysis.  Down-gradient contaminant concentrations are shown 
to be governed by tightly-coupled hydro-geochemical processes.  Results show that hydrological 
and geochemical conditions play integral roles for simulating human health risk under uncertain 
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subsurface conditions. Moreover, kinetic representations of reactions are shown to produce 
accurate representations of human health risk compared to non-kinetic simulations of 
geochemistry. 
1.3 The Effects of Physical and Geochemical Heterogeneity on Effective Reaction Rates 
Subsurface	  reactive	  transport	  is	  a	  product	  of	  complex	  hydrological	  and	  chemical	  
processes	  in	  uncertain	  heterogeneous	  environments.	  	  	  Large-­‐scale	  reaction	  rates	  used	  in	  
reactive	  transport	  models	  are	  difficult	  to	  derive	  from	  laboratory	  measurements,	  which	  are	  
often	  orders	  of	  magnitude	  higher	  than	  reaction	  rates	  observed	  in	  field	  studies.	  	  In	  the	  
interest	  of	  investigating	  the	  role	  of	  coupled	  physical	  and	  geochemical	  heterogeneity	  in	  
plume	  development,	  simulations	  of	  three-­‐dimensional	  heterogeneous	  transport	  systems	  
with	  non-­‐linear	  kinetic	  reactions	  were	  performed	  for	  100	  realizations	  each.	  	  Three	  
geochemical	  conditions	  were	  simulated	  over	  ensembles	  of	  100	  physically	  heterogeneous	  
realizations,	  1)	  spatially	  homogeneous	  reactive	  mineral	  surface	  area,	  2)	  positively	  
correlated	  reactive	  mineral	  surface	  area	  to	  permeability,	  and	  3)	  negatively	  correlated	  
reactive	  mineral	  surface	  area	  to	  permeability.	  	  Large-­‐scale	  reaction	  rates	  were	  calculated	  at	  
a	  sequence	  of	  transverse	  planes	  to	  quantify	  changes	  in	  plume	  evolution	  due	  to	  non-­‐linear	  
kinetics	  and	  solute	  residence	  time	  (τ).	  	  Here	  reactive	  conditions	  were	  a	  product	  of	  a	  
hypothetical	  CO2	  intrusion	  from	  a	  carbon	  capture	  utilization	  and	  storage	  (CCUS)	  operation	  
into	  groundwater,	  which	  results	  in	  aqueous	  dis-­‐equilibrium	  with	  aquifer	  mineralogy.	  	  	  In	  
order	  to	  illustrate	  the	  complicated	  reactive	  process	  a	  conceptual	  model	  of	  the	  reaction	  path	  
is	  shown	  that	  relates	  residence	  time	  to	  reach	  chemical	  equilibrium	  (τeq)	  to	  the	  advected	  
distance	  traveled	  at	  which	  equilibrium	  is	  achieved	  (Leq).	  	  Results	  first	  show	  that	  the	  
spatially	  heterogeneous	  distribution	  of	  geochemical	  reactive	  surface	  areas	  will	  affect	  both	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effective	  reaction	  rate	  (Krxn,eff	  )	  and	  Pb	  concentrations	  before	  equilibrium	  is	  met.	  	  
Furthermore,	  the	  ensemble	  Krxn,eff	  and	  Pb	  concentrations	  are	  the	  same	  as	  equilibrium	  is	  
achieved	  for	  all	  three	  geochemical	  conditions	  simulated,.	  	  Finally,	  we	  demonstrate	  that	  
positively	  and	  negatively	  correlating	  reactive	  surface	  area	  to	  hydraulic	  conductivity	  will	  




CHAPTER 2  
USING STREAMLINES TO SIMULATE STOCHASTIC REACTVIE TRANSPORT IN 
HETEROGENEOUS AQUIFERS: KINETIC METAL RELEASE AND TRANSPORT IN CO2 
IMPACTED DRINKING WATER AQUIFERS  
A paper published in Advances in Water Resources, Volume 52, doi: 
10.1016/j.advwatres.2012.09.005 
Adam L. Atchley1,2,4, Reed M. Maxwell2,3,4, and Alexis K. Navarre-Sitchler2,4 
 
2.1 Introduction 
Groundwater constitutes a reliable source of clean drinking water worldwide and 
provides a substantial portion of drinking water in the Unities States (USGS, 2009).  Carbon 
capture and storage projects (CCS), a technique under consideration to offset anthropogenic 
causes of climate change, may adversely affect groundwater quality if the CO2 injected into deep 
formations were to leak into overlying drinking water aquifers.  If leakage occurs, geochemical 
reaction between CO2, groundwater and aquifer minerals will alter the groundwater chemistry 
(Carroll et al., 2009; Zheng et al., 2009; Apps et al., 2010; Keating et al., 2010; Little and 
Jackson, 2010; Wilkin and Digiulio, 2010; Bearup et al., 2012; Siirila et al., 2012; Navarre-
Sitchler et al., 2013) and aquifer heterogeneity will control the shape and extent of the plume of 
impacted groundwater (Dagan, 1984; Sudicky, 1986; Rubin, 1991; McLaughlin and Ruan, 
2001).  However, characterization of subsurface heterogeneity is imperfect, which then requires 
modeling approaches designed to assess impacts of CO2 leakage on groundwater to account for 
                                                
1 Primary Researcher and Author  
2 Hydrologic Science and Engineering Program, Department of Geology and Geological 
Engineering, Colorado School of Mines, Golden, Colorado, USA 
3 Dissertation advisor 
4 Integrated Groundwater Modeling Center, Colorado School of Mines, Golden, Colorado, USA 
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uncertainty (Rubin, 2003; Maxwell and Kastenberg, 1999).  Stochastic approaches typically used 
to account for uncertainty are often computationally expensive and compel simplifications of 
geochemical reactive transport. These simplifications may result in the loss of important hydro-
geochemical mechanisms.  Still, proper quantification of potential impacts of CCS on aquifers 
suitable for drinking water requires an approach that maintains both geochemical and 
hydrological complexity found in natural systems and accounts for subsurface uncertainty. 
Reduced pH and increased alkalinity resulting from CO2 leakage have been shown to 
drive kinetic mineral dissolution and precipitation reactions and metal sorption and desorption 
from mineral surfaces [Carroll et al., 2009; Zheng et al., 2009; Apps et al., 2010; Keating et al., 
2010; Little and Jackson, 2010; Wilkin and Digiulio, 2010; Obi and Blunt, 2006).  Aquifer 
properties such as buffering capacity (for example the presence of calcite) and metal-containing 
minerals or metals on mineral surfaces have been shown to control the release of metals into the 
groundwater after CO2 leakage (Apps et al., 2010,7; Wilkin and Digiulio, 2010).  The kinetic 
rates of these processes along with hydrological flow further dictate the extent and solution 
make-up of a geochemically reactive plume (Zheng et al., 2009; Apps et al., 2010).  These 
interacting reactions and hydrological processes motivate the development of coupled hydro-
geochemical transport methods (Obi and Blunt, 2006; Dentz et al., 2010) capable of representing 
finely resolved plume spreading and residence times that influence kinetic reactions. 
Heterogeneities in permeability control the spreading of a reactive plume.  Plume 
fingering and spreading can then regulate reactive plume lengths (Zheng et al., 2009; Cirpka et 
al., 1999; Ham et al., 2004; Herrera et al., 2010; Le Borgne et al., 2010), even at fine scales 
(Dentz et al., 2010), and result in a distribution of fluid residence times within an aquifer (Dagan, 
1984; Sudicky, 1986; Rubin, 1991; McLaughlin and Ruan, 2001; Siirila and Maxwell, 2012a).  
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In a reactive system, such as a CO2 leak, fluid residence time is directly related to the amount of 
time available for the impacted water to react with the aquifer minerals   Given sufficient time 
and sufficiently fast reactions, the water and minerals will reach a new geochemical equilibrium, 
after which no additional change to groundwater chemistry is expected (Maher, 2010).  The 
result is a spatially complex geochemical response to uncertain subsurface heterogeneity.   
 The inability to fully characterize subsurface heterogeneity requires approaches that 
incorporate uncertainty, with a primary driver often being hydraulic conductivity (Rubin, 2003; 
Maxwell et al., 1999).  Stochastic methods are commonly used to capture the bounds of probable 
outcomes and propagate these uncertainties to model predictions (e.g. Rubin, 1991; Rubin, 2003; 
Yeh, 1992; Maxwell et al., 1999; Maxwell et al., 2008).  Stochastically accounting for the 
uncertainty in physical heterogeneity provides insight into the probabilistic outcomes of 
contaminant transport in heterogeneous aquifers and quantifies the uncertainty in human health 
risk assessment [e.g. Maxwell and Kastenberg, 1999; Maxwell et al., 1999; Maxwell et al., 2008; 
de Barros et al., 2009). Likewise, ensemble techniques to capture subsurface uncertainty in 
hydro-geochemical transport has the potential to improve reactive transport assessment, 
especially with regards to evaluating CCS impacts to groundwater (Siirila et al., 2012).  For these 
reasons groundwater risk assessment and management studies are often required to use stochastic 
methods that characterize probabilistic outcomes by regulatory agencies (Tartakovsky et al., 
2012; US. EPA, 1989; US. EPA: 1991, US EPA, 2001; World Health Organization, 2004). 
 A stochastic method investigating CCS risk to groundwater would ideally employ a fully 
coupled hydrological and geochemical model.  However, simulations of fully-kinetic hydro-
geochemical transport on a large 3-D heterogeneous domain require utilization of super 
computing facilities that employ thousands to upwards of 100K CPU cores via sophisticated 
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parallel codes (Navarre-Sitchler, 2013; Hammond et al., 2007; Hammond and Lichtner, 2010).  
While these resources can model complex hydro-geochemical transport such as transient 
conditions (Hammond and Lichtner, 2010), they are often out of reach for management agencies 
needing to assess contamination scenarios that capture uncertainty.  Therefore, it is often 
necessary to use model simplifications when stochastically representing reactive transport.  
However, chemical simplifications used to predict plume migration in heterogeneous aquifers 
may not adequately capture the solute make-up of a reactive CO2 plume, which is a product of 
complex carbonate buffering and oxidation-reduction processes (Wang and Jaffe, 2004; Zheng et 
al., 2009; Apps et al., 2010; Little and Jackson, 2010; Wilkin and Digiulio, 2010;). On the other 
hand modeling efforts that maintain full geochemical processes on modest computational 
resources are forced to simplify hydrogeological properties, such as fine scale heterogeneity 
which impacts plume spreading (e.g. Carroll et al., 2009; McLaughlin and Ruan, 2001; Le 
Borgne et al., 2010; Cirpka and Kitanidis, 2000; Green et al., 2010).  As a result relatively few 
hydro-geochemical studies have used stochastic techniques [e.g. Siirila et al., 2012; Hammond et 
al., 2011).  
This paper presents a computationally efficient streamline methodology, which can be 
used to evaluate coupled hydro-geochemical problems where uncertainty in subsurface 
properties necessitates an ensemble approach.  Fine-scale heterogeneity and thus 
macrodispersion and kinetic geochemistry are represented to account for complex hydrological 
and geochemical processes.  Ensemble simulations allow the interaction of hydrological and 
geochemical processes to propagate into probabilistic results.  The efficient ensemble approach 
presented here does not account for local transverse mixing at the sub-grid scale but does directly 
simulate macrodispersion and reactive transport processes, which has been shown to be in 
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agreement with approaches that include transverse dispersion (Viswanathan and Valocchi, 2004).  
The streamline method is then used to investigate how subsurface heterogeneity affects 
geochemical conditions from a hypothetical CCS leakage scenario into an aquifer.  Spatially 
homogenous geochemical conditions are used to illicit a simple reaction path towards 
equilibrium in relation to complex solute residence times due to heterogeneous permeabilities.  
An investigation of how the coupled hydro-geochemical processes propagate through ensemble 
statistics is made.  Specifically, the goals of this work are to study how these coupled processes 
1) control geochemical response in kinetic reactive transport, and 2) influence ensemble 
predictions using Monte Carlo methods to account for uncertainty in an aquifer hydraulic 
conductivity field.    
2.2Methods 
Streamlines are one-dimensional (1D) flow paths traced within a divergence-free three or 
two-dimensional flow field (e.g. Simmons et al., 1995; Ginn et al., 1995; Thiele et al., 1996; 
Batychky et al., 1997; Yabusaki et al., 1998; Crane and Blunt, 1999; Tompson et al., 1999a; 
Tompson et al., 1999b; Cirpka and Kitanidis 2001; Ginn, 2001; Tompson et al., 2002; Maxwell 
et al., 2003; Obi and Blunt, 2004; Viswanathan and Valocchi, 2004; Obi and Blunt, 2006; 
Herrera et al., 2010).  The nature of a divergence-free flow field dictates that streamlines follow 
a unique path and cannot intercept or cross other streamlines.  In order to maintain a 3-D 
description, multiple 1-D streamlines are used to capture all the flow paths that occur in a 3-D 
heterogeneous flow domain.  The principle advance to this approach is the ability to solve 1-D 
reactive transport models on multiple, deconvolved streamlines in parallel (Herrera et al., 2010; 
Batycky et al., 1997; Yabusaki et al., 1998; Crane and Blunt, 1999; Tompson et al., 1999a; 
Tompson et al., 1999b; Maxwell et al., 2003).  
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The streamline method presented here builds upon the approach of Thiele et al. (1996), 
Crane & Blunt (1999), and Maxwell et al. (2003).  Streamlines are traced in a 3-D, steady-state, 
single phase flow-field that is described by: 
                                                                                                                                  (2.1) 
 .                                                                                                                        (2.2) 
Where qs is the source/sink term [1/T], q is the total Darcy flux  [L/T], K is the hydraulic 
conductivity tensor [L/T], H is the head potential [L], ν is the groundwater velocity [L/T], and φ 
is porosity [-].  The Darcy velocity at each cell face is calculated on a finite difference grid, 
velocities within each grid cell are assumed to vary linearly in each coordinate direction based of 
the velocity values of each grid cell face.  Streamlines are mapped through the flow field by 
tracing particles in an advective only regime.  The particle tracking technique (Schafer-Perini 
and Wilson, 1991; Pollock, 1998) and the streamline transform (e.g. Simmons et al., 1995; 
Thiele et al., 1996; Crane and Blunt, 1999; Ginn, 2001; Maxwell et al., 2003) are described in 
Appendix 5.1.  Each streamline retains spatial (x, y, z) and temporal data in the form of residence 
time or time of flight, τ [T], as the trajectory is traced through domain grid cells.  τ can be used 
in place of spatial coordinates and velocity in the advection equation.   Thus transport along a 
streamline from source zone to capture zone for a reactive species Ci, [Mol/L3] can be expressed 
as 
                                                                                                                       (2.3)
 
where Ri is the total reaction rate of species i in solution [Mol/L3 T]. Maintaining a one to one 













+ Ri = 0
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and allows for the reactive transport to solve efficiently while maintaining a level of τ 
discretization needed to represent the spatial domain.  
2.2.1Basic Structure and Methodology 
The	  streamline	  methodology	  is	  implemented	  in	  four	  distinct	  steps	  (Figure	  2.1):	  I)	  
create	  a	  flow	  domain,	  II)	  trace	  streamlines	  via	  advective	  transport	  within	  the	  flow	  domain,	  
III)	  transform	  streamline	  spatial	  coordinates	  to	  time	  of	  flight,	  and	  IV)	  simulate	  geochemical	  
reactions	  along	  each	  streamline	  using	  a	  reactive	  transport	  code.	  	  
	  
Figure 2.1 A model flow chart and parallel processor techniques. Modeling steps 1 through 3 are 
numerated using roman numerals.  
Established	  codes	  were	  used	  to	  perform	  steps	  I,	  II,	  and	  IV.	  	  Heterogeneous	  
subsurface	  properties	  were	  created	  using	  turning-­‐bands,	  a	  method	  found	  to	  be	  free	  of	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computational	  bias	  that	  accurately	  produces	  Gaussian	  random	  fields	  (Tompson	  et	  al.,	  1989;	  
Dekker	  and	  Abriola,	  2000;	  Binning	  and	  Celia,	  2002;	  Hammond	  et	  al.,	  2005;	  Emery	  and	  
Lantuéjoul,	  2006)	  in	  ParFlow.	  	  ParFlow	  is	  a	  parallel,	  3-­‐D	  groundwater	  flow	  model	  (Ashby	  
and	  Falgout,	  1996;	  Jones	  and	  Woodward,	  2001;	  Kollet	  and	  Maxwell,	  2006)	  that	  is	  also	  used	  
to	  solve	  groundwater	  flow	  in	  the	  heterogeneous	  domain.	  	  In	  step	  II,	  streamlines	  were	  
defined	  by	  tracking	  particles	  through	  an	  advective	  flow	  field	  using	  SLIM-­‐FAST,	  a	  Lagrangian	  
contaminant	  transport	  model	  (Maxwell	  et	  al.,	  2003;	  Tompson	  et	  al.,	  1987;	  Maxwell	  and	  
Tompson,	  2006;	  Maxwell	  et	  al.,	  2007;	  Kollet	  and	  Maxwell,	  2008).	  	  CrunchFlow,	  a	  
mulitcomponent	  reactive	  transport	  code	  capable	  of	  simulating	  fully	  kinetic	  chemical	  
reactions	  (Steefel	  and	  Lasaga,	  1994;	  Steefel	  and	  Yabusaki,	  1996;	  Steefel,	  2001),	  was	  used	  to	  
solve	  reactive	  transport	  along	  the	  streamlines	  and	  is	  described	  further	  in	  Appendix	  5.2.	  	  
The	  modeling	  platform	  presented	  here	  employed	  modest	  parallel	  computational	  
techniques	  in	  order	  to	  solve	  an	  ensemble	  of	  reactive	  transport	  domains.	  	  Specifically,	  
parallel	  computing	  on	  eight	  or	  less	  processors	  was	  employed	  at	  all	  major	  modeling	  stages	  
shown	  in	  Figure	  2.1,	  solving	  the	  groundwater	  equation	  (I),	  tracing	  streamlines	  (II),	  and	  
solving	  reactive	  transport	  (IV).	  	  	  
2.2.2Problem Set-up  
The streamline methodology was used to evaluate stochastic geochemical reactive 
transport in an aquifer impacted by CO2 leakage in a hypothetical scenario.  Down-gradient from 
the CO2 leak a pumping well with a flux of 3.5x10-3 m3/sec or 300 m3/day, representing a 
municipal well was used as an observational endpoint. Figure 2.2 shows a schematic of the leak 
location or source zone occupying a volume of 650m3 in the aquifer and the pumping well 
location and an example heterogeneous hydraulic conductivity field. The CO2 leak was located at 
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the base of the aquifer.  The bottom portion of the well screen was not directly downstream from 
the leak but vertically offset by 10 m.  This domain configuration affected the connectivity of the 
source zone to the pumping well for any given σ2lnK description of the aquifer (Figure 2.2). 
Therefore, in order to map plume spreading, fine scale resolution of hydrologic flow was needed.  
 
Figure 2.2 A single realization of the hydraulic conductivity (left) and a schematic of the flow 
domain with the source zone and well location mapped (right).  Note that the source zone is off-
set from the well screen. 
  
A finely resolved grid was mapped on the 3-D flow field with cell sizes of 3 x 3 x 0.3 m 
in the X, Y, and Z directions.  There were 400 grid cells in the X, 100 cells in the Y, and 200 
cells in the Z directions, totaling 8 million grid cells in the domain. No flow boundaries were 
used all on domain sides except for the x-directions.  For those boundaries, a head gradient of 
0.00443 is imposed in the x direction set at x=0 and x=1200m.  The geometric mean of hydraulic 
conductivity was 6x10-4 m/s.  Aquifer size and mean hydraulic conductivity were chosen to 
represent a moderately large transport domain within a permeable aquifer that may be used for 
domestic purposes.  Domain configuration, correlation lengths, and additional hydrologic 
parameters are summarized in Table 2.1. 
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Table 2.1 Domain configuration 
 
 
2.2.3Geochemical Set-up  
The model domain was mineralogically simple and comprised of homogeneously 
distributed quartz (SiO2), galena (PbS), and calcite (CaCO3).  The dissolution and precipitation 
of these minerals was described by kinetic transition state theory (Lasaga, 1981; Aagaard and 
Helgeson, 1982; Lasaga, 1984) where the rates of geochemical reactions are driven by the 
magnitude of departure from thermodynamic equilibrium, or saturation state. Dissolution of 
galena supplied Pb2+ to solution and dissolution of calcite provided pH-buffering capacity.  
When the fluid was undersaturated or oversaturated with respect to a mineral, that mineral 
dissolved or precipitated, respectively.  
The geochemical conditions of both the aquifer and CO2 leak outlined in Table 2.2 are 
applied only to the streamlines that connect the source zone and pumping well.  Mineral 
dissolution-precipitation reactions, and geochemical parameters controlling kinetic rates area 
also described in Table 2.2.  Geochemical conditions, mineral volume fractions, and reactive 
surface areas were consistent with other recent simulations of CO2 leakage (Zheng et al., 2009; 
Siirila et al., 2012).  Background pH was set to 7 and a partial pressure for CO2 gas was set to 
0.01 bar.  The CO2 leak condition was applied to the up gradient boundary and had a pH of 4.5 
and PCO2 of 30 bar.  Here a constant concentration of CO2 in the source area was used that 
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resulted CO2 being completely dissolved in solution at these pressures rather than a constant CO2 
flux between realizations.   
Table 2.2 Geochemical conditions for initial aquifer conditions and CO2 leak.  Geochemical 
kinetic parameters for the reactive minerals in the domain were equal to default values in the 
CrunchFlow database where available; galena rate is from Zhang et al. (2004).  
 
 
The specific CO2 flux for each realization will then be a function of the flow moving through the 
source zone.  Using domain parameters, an average CO2 flux into the domain is estimated to be 
11x106 [mol/yr], which represents a large CO2 leak compared to recent studies (Apps et al., 
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2010), but within the uncertainties surrounding CO2 leakage problems.  In cases with multiphase 
transport of CO2 (gas + aqueous) distinctive chemical conditions for each streamline and a 
unique source zone shape would likely arise.  Porosity changes are assumed not to affect 
streamline delineation throughout the simulation, which is a valid assumption given that porosity 
changes were found to be relatively small in other CO2 studies (Obi and Blunt, 2006). 
2.2.4Parametric Sensitivity Study: Changing Variance of σ2lnK 
The effect of uncertainty in heterogeneous hydraulic conductivity distributions on 
transport has been studied in great detail in literature (e.g.Dagan, 1984, Sudicky, 1986; Yeh, 
1992; Rubin, 2003; Maxwell et al., 2008; Siirila et al., 2012).  For example a numerical study by 
Moreno and Tsang (1994) showed that as the variance of lnK (σ2lnK) increases, preferential flow 
paths dictate solute transport characteristics.  Reactive transport was not investigated by Moreno 
and Tsang (1994), however, changes in solute residence time as σ2lnK increases may have a 
profound influence on kinetically-driven chemical reactions.  In the present study we use σ2lnK of 
1 and 3.61, representing variances documented in the field (Freeze and Cherry, 1979; Salamon et 
al., 2007) and a σ2lnK 16 providing a case of high heterogeneity.  For a given σ2lnK, 100 equally 
probable K fields were constructed.  The remaining geostatistical parameters including 
correlation lengths are given in Table 2.1.  We did not vary the correlation lengths, though Siirila 
et al. (2012) showed this has an effect on transport.  In addition to the reactive transport 
simulations, ensembles with σ2lnK of 0.75 and 8 were also simulated to quantify the number of 
connected streamlines and associated flux of water between the source zone and pumping well 
without reactive transport.  
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2.2.5Technical Considerations  
 
The number of streamlines seeded around the pumping well determines the flux of water 
for each streamline and therefore the source-to-well flux discretization.  Furthermore, σ2lnK can 
control the number of streamlines needed to characterize the source-to-well flux where a higher 
σ2lnK requires more streamlines.  A sensitivity study was conducted to determine the optimal 
number of streamlines needed to adequately capture flow characteristics from the source zone to 
the pumping well.  Approximately 3,100 streamlines were used to characterize the flux from the 
source zone to the pumping for an ensemble of 100 realizations with σ2lnK of 16.  Doubling the 
number of streamlines only resulted in a 7.9 percent change in ensemble source-to-well flux for 
the highest σ2lnK simulated.  Decreasing the number of streamlines by half resulted in more than 
a 10 percent change in source-to-well flux.  
The global implicit reactive transport (GIMRT), synonymous with the direct substitution 
approach method (Yeh and Tripathi, 1989) of jointly solving chemical reactions and transport 
was used rather than operator-splitting or sequential non-iterative approach where transport and 
chemical reactions are solved separately (Steefel and Lasaga, 1994; Steefel, 2001).  
Simultaneously solving reactive transport over the streamline eliminated operator-splitting error 
and allowed for large time steps to be used rather than being restricted to the Courant condition 
(Hammond, 2003).  An additional sensitivity study was conducted to optimize solver time per 
streamline balanced against numerical dispersion by varying the maximum time step allowed in 
GIMRT from 0.1 to 15 days on a representative streamline. Figure 2.3 shows the error due to 
numerical dispersion compared to simulation solve time for one representative streamline. This 
error is calculated as the area between the numerical and analytical BTC for a conservative 
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tracer.  A maximum time step of 5 days was used, beyond which solve time asymptotically 
approached 90 seconds while calculated numerical error increased linearly. 
 
Figure 2.3 Solve time of one representative streamline for varying maximum time steps are 
plotted with Total Error associated with each maximum time steps.  Total Error is defined here 
as the area between the numerical and analytical BTC for a conservative tracer Note that the 
Solve time axis (left, Y) is in log scale in order to see the full rage of data. 
Numerical BTCs for a conservative tracer produced by 1-D CrunchFlow simulations 
along each streamline were compared to the analytical BTCs derived from the cumulative travel 
time for each streamline in Figure 2.4.  Analytical solutions were averaged for each realization 
and ensemble in order to compare to the numerical solutions of a conservative tracer along a 
single streamline, single realization with multiple streamlines, and the entire ensemble.  
Numerical dispersion is apparent when comparing the tracer from a single streamline to the 




Figure 2.4 Numerically simulated tracer BTCs compared to the analytical solution for a single 
streamlines, one realization, and full ensemble. 
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2.3Results  
Total simulation time for each ensemble was recorded together with simulation time for 
the major modeling portions of the ensemble model: I) PARFLOW, II) SLIM, and IV) 
CrunchFlow.   Streamline chemistry profiles for each realization were output at 0.01 days for an 
initial condition profile and at 3000 days for a final profile.  Geochemistry profiles were also 
taken at 500 day intervals to observe chemical evolution throughout the simulation.  BTCs of a 
non-reactive tracer, pH, and aqueous total lead concentration were averaged within each 
realization and ensemble to produce mass flux per day for a tracer and lead.  Simulated total well 
water pH and lead concentration was evaluated, which included dilution from clean sources 
within the domain captured by the pumping well.  Average BTCs were then calculated using 
only the realizations within the ensembles that had streamlines connecting the source zone to the 
pumping well, shown in Table 2.3 and Figure 2.5.  Selecting only realizations with source-to-
pumping well connections illustrates the magnitude of flux from the source to the pumping well 
if a streamline connection between the source and well occurs for a given ensemble 
characteristic; referred to as magnitude of flux (M(F)).  BTCs were then compared to ensemble  
Table 2.3 Probability of a source to well connection connection [P(C)] from the CO2 leak 
calculated for 100 realizations for each σ2lnK ensemble.  Average water flux per realization [P(F)] 
is also listed for the total ensemble with 100 realizations and just the realizations with CO2 
source-to-pumping well connections [M(F)]. 
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results	  of	  all	  realizations	  including	  model	  domains	  with	  no	  source-­‐to-­‐well	  connection	  to	  
provide	  the	  probability	  of	  connection,	  (P(C))	  based	  on	  the	  hydrological	  characteristics.	  
	  
	  
Figure 2.5 (M(C -F)) is the average lead mass flux [mol/day] and pH BTCs at the pumping well for 
all realizations with a source-to-well connection within an ensemble.  (P(C -F)) is the ensemble 
average lead mass flux [mol/day] and pH BTCs at the pumping well and considers realizations, 
including those with zero mass flux from the source zone to the well.  Notice the divergence in 
BTCs for σ2lnK of 1, indicating that the P(C-F) is low while the M(C-F) is high. 
 
2.3.1Streamline Efficiency 
The computational time for each simulation ensemble was < 24 hours on 8 AMD Opteron 
processors with a CPU speed of 2.5 GHz. Table 2.4 summarizes these computational times and 
delineates the time for each of the three major modeling components: I) Parflow, II) SLIM-
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FAST, and IV) CrunchFlow.  Solving the reactive transport on all streamlines with a source-to-
well connection consumed the greatest amount of time for cases σ2lnK = 1 and 3.61.  The σ2lnK 
=3.61 case had the highest number of total streamlines and constituted the longest simulation 
time.  Time allocated to solving the reactive transport along the streamlines is proportional to the 
number of streamlines with source-to-well connections. 




2.3.2Geochemistry   
 Figure 2.6 shows galena saturation index (SI) and Pb2+ concentration as a 
function of τ for all streamlines that connect the source and pumping well at 3,000 days of 
simulation time.  SI is a measure of disequilibrium between the ion activity product and the 
mineral equilibrium constant, described in Appendix 5.2.  The distribution of streamline 
residence times increased with increasing σ2lnK.   As τ decreased, both SI and Pb2+ increased.  For 
σ2lnK of 1, all streamlines with a source-to-well connection were at equilibrium with respect to 




Figure 2.6 Galena Saturation Index and Lead concentration at the endpoint of each streamline 
plotted against tau in log space, after 3,000 days of simulation time.  
 
Profiles of Calcite and Galena SI (left panel) and lead concentration and pH (right panel) 
from one low (top) and one high (bottom) σ2lnK domain are shown in Figure 2.7. The two  
low σ2lnK domains.  Lead concentration profiles, plotted for all streamlines with a source-to-well 
connection illustrate that the increased concentrations extend further down-gradient and laterally 
through the aquifer along more tortuous flow paths in the high σ2lnK domain compared to the low 
σ2lnK domain (Figure 2.8).velocity and sinuosity.  In both streamlines SI of galena and calcite at 
the leak zone are < 0 indicating mineral dissolution conditions induced by a decrease in pH from 
CO2 leakage, a result consistent with other studies (Zheng et al., 2009; Bearup et al., 2012).  As 
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Figure 2.7 Calcite and Galena SI profiles are plotted together along a representative streamline in 
a high and low σ2lnK domain.  The x-axis is plotted in tau and distance. Spatial coordinates for 
each streamline are maintained in the time of flight formulation (5.10).  Note that the left y-axis 
is scaled for Calcite SI, and the right y-axis scaled to Galena in order to illustrate how both 
mineral equilibriums change in time and space.  pH and lead concentrations are plotted together 
along the same representative streamlines from  high and low σ2lnK domains.  The x-axis is 
plotted in tau and distance, the left y-axis is scaled to pH, and the right y-axis is scaled to lead 
streamlines represent flow paths that are different lengths due to differences in groundwater and 
concentrations.  The snap shot of the streamline profiles were taken 1500 days after the source 
leak occurred. 
 
Figure 2.8 Lead concentrations along streamlines that have a source to well connection at 500 
days, and 2000 days for a low σ2lnK realization (left panel) and high σ2lnK realization (right 
panel).  
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calcite and galena dissolve, SI, pH, and Pb2+ concentrations increase.  As the pH change is 
buffered by calcite dissolution there is a feedback in the galena SI such that galena becomes 
oversaturated in the higher pH water and begins to precipitate, reducing Pb2+ concentrations.  
The SI of galena reaches a maximum positive value very close to the leak zone, corresponding to 
a peak in Pb2+ concentrations.  In the low σ2lnK streamline the SI of galena and calcite are zero 
further down the flow path indicating re-equilibration of the water with aquifer minerals, and 
with Pb2+ concentrations that are elevated compared to background levels of 7.25 x 10-12 
[mol/L].  However, in the high σ2lnK streamline the SI of galena and calcite do not reach zero 
before the well, a condition common among all streamlines in the high σ2lnK domains (Figure 
2.8).  At the well, galena is still oversaturated and precipitating and calcite is still undersaturated  
and dissolving.  The inter-dependent reactions described here dictate the chemical state of the 
plume and illustrate differences in propagation of disequilibrium conditions along streamlines in 
high and low σ2lnK domains.  Lead concentration profiles, plotted for all streamlines with a 
source-to-well connection illustrate that the increased concentrations extend further down-
gradient and laterally through the aquifer along more tortuous flow paths in the high σ2lnK 
domain compared to the low σ2lnK domain (Figure 2.8). 
2.3.3Transport Characteristics 
 As σ2lnK increases, streamlines spread laterally across the domain and the well capture 
area spreads throughout the aquifer (Figure 2.9) resulting increased probability of source-to-well 
connection (P(C)), (Table 2.3).  The average water flux per realization between the source zone 
and the well for the entire ensemble (P(F)) is listed in comparison to the average water flux per 
realization for just the source-to-well connected realizations (M(F)), within an ensemble in Table 




Figure 2.9 All the streamlines of a well capture zone for a σ2lnK = 1, 3.61, and 16.  The 
background is a cut-away of the permeability field. 
realization provides a source-to-well connection.  In contrast M(F) does not consider realizations 
where a zero source-to-well flux occurs, and represents what the flux from the source zone to the 
well may look like if a source-to-well connection were to occur.  P(F) peaks at a variance of 3.61 
and then steadily decreases as σ2lnK increases.  In contrast M(F) starts with a maximum value at a 
σ2lnK of 1 and then decreases as σ2lnK increases. Thus, contamination in a domain with a σ2lnK = 1 
has the greatest potential to be significant, as the flux from the source zone to the well is the 
greatest.  Given that the pumping rate is a constant 300 m3/day for all realizations modeled, the 
decrease in M(F) as σ2lnK increases equates to dilution at the pumping well. The dilution is a result 
of the well capturing streamlines with origins other than the source zone.  
Figure 2.5 shows the average BTC of lead mass flux and pH at the pumping well for all 
realizations with a source-to-well connection within an ensemble, noted as M(C -F), which 
corresponds to the M(F) shown in Table 2.3.  The ensemble average BTC (P(C-F)) corresponding to 
the P(F)  presented in Table 2.3 is also plotted in Figure 2.5.  In contrast to the information 
presented in Table 2.3, Figure 2.5 presents specific chemical states of the plume that are a direct 
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result of reactive transport.  Like the M(F) shown in Table 2.3, the lead mass flux and pH (M(C -F)) 
in Figure 2.5 illustrates the change in well chemistry if a source-to-well connection were to occur 
by excluding realizations with no source-to-well connection.  A larger lead and pH M(C -F) BTC 
occurs at the pumping well for low σ2lnK because of smaller amounts of dilution at the well.  
Furthermore, the BTC arrives later due to fewer preferential flow paths in the low σ2lnK 
ensemble.  In contrast to the high M(C -F) estimated change in well chemistry for the σ2lnK = 1 
ensemble, there is a low P(C-F) estimated change in well chemistry.  The discrepancy between M(C 
-F) BTC and P(C-F) BTC for the σ2lnK = 1 ensemble in Figure 2.5 is due the probability of a source-
to-well connection occurring, listed as P(C) in Table 2.3.  Conversely, the σ2lnK = 16 ensemble has 
a high probable change in well chemistry for P(C-F) but the probable change in well chemistry for 
M(C-F) is comparatively low with respect to the σ2lnK of  1 and 3.61 ensembles.  For the σ2lnK 
=3.61 ensemble both P(F) and M(F) are high. 
2.4Discussion 
Reactive transport along streamlines required the greatest amount of time to solve (Table 
2.4).  Computational time to solve reactive transport was also shown to be a function of the 
number of streamlines per processor.  The parallel approach used at the CrunchFlow step allows 
multiple processors to simulate reactive transport along each streamline independently with no 
inter-processor communication.  This suggests that the time to solve reactive transport is 
ultimately limited to the number of processors available and should solve faster with more 
processors.  One the other hand the scalability of ParFlow is well established (Ashby and 
Falgout, 1996; Jones and Woodward, 2001; Kollet et al., 2010) and therefore it is efficient for 
ParFlow to subdivide the domain in each realization and then solve portions of that domain on a 
single processor.   Time devoted to solving groundwater flow could also decrease if enough 
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processors are available for ParFlow to be parallelized in a serial fashion, such as for individual 
ensemble members.  
Another efficient streamline approach is the use of a canonical streamline where reactive 
transport is simulated on a single representative streamline, rather than on all streamlines 
(Simmons et al., 1995; Ginn et al., 1995; Yabusaki et al., 1998; Cirpka and Kitanidis, 2001; 
Ginn, 2001].  However a canonical streamline can only be used if the following assumptions are 
met: 1) constant streamline trajectory, 2) transverse dispersion can be neglected, and 3) chemical 
conditions are spatially homogeneous throughout the domain.  The technique presented here is 
more general, allowing for heterogeneous reactions along streamlines, and is not limited to 
condition 3, a spatially homogenous geochemical condition.  Even with reactive transport solved 
on multiple streamlines selecting only streamlines that connect a contaminate source zone to a 
hydrological capturing zone such as a pumping well reduces the simulated domain resulting in 
decreased simulation time and numerical dispersion (Herrera et al., 2010; Cirpka and Kitanidis, 
2001; Batycky et al., 1997; Crane and Blunt, 1999). 
2.4.1Subsurface Heterogeneity (σ2lnK) and Geochemistry 
Ensemble results demonstrate a link between σ2lnK and geochemical processes.  Here the 
link between σ2lnK and geochemical processes is driven by a distribution of solute residence 
times.  The dissolution of calcite and resulting buffering of pH impacts the saturation state of 
galena and induces galena precipitation (Zheng et al., 2009; Apps et al., 2010).  While galena 
precipitation is not always observed in surface and shallow groundwater (O’Day et al 1998a; 
O’Day et al., 1998b; O’Day et al., 2000; Carroll et al., 2002), the time dependent precipitation of 
galena simulated here provides a good example of how residence time determines lead 
concentrations by governing the amount of time solutes have to reach a new equilibrium.  If 
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galena precipitation were not included, the Pb2+ concentrations would be higher but still set by 
the thermodynamic equilibrium between galena and the groundwater.  The kinetic rates of calcite 
and galena reactions govern the time needed for the groundwater to equilibrate with the aquifer 
minerals.  Thus, groundwater residence time plays an important role in the geochemical state of 
the groundwater at the well.  For example streamlines in aquifers with high σ2lnK are further from 
equilibrium at the pumping well than streamlines in aquifers with low σ2lnK and longer residence 
times (Figure 2.6 and Figure 2.7).  The distribution of residence times in aquifers with different 
σ2lnK explains much of the arrival time and geochemical state of the plume at the well.  Low 
permeability areas in high σ2lnK domains funnel water through high velocity preferential flow 
paths between the source zone and the pumping well, which reduces residence times (Figure 
2.8).  In these cases the plume arrives at the well earlier (Moreno and Tsang, 1994), before re-
equilibration between the groundwater and aquifer minerals is complete.  Thus for a 
geochemically homogeneous aquifer like the one simulated here, hydrological controls of solute 
resident time are a primary factor in determining the spatial distribution of groundwater 
chemistry as reactive conditions migrate from the leak and equilibrate with minerals along 
streamlines.  While these results do not represent a specific aquifer, the relationship between 
kinetic mineral reactions and residence time is likely to play a role in aquifer systems where a 
multitude of mineral and aqueous species will interact with aqueous lead concentrations (Carroll 
et al., 2009; Keating et al., 2010; Little and Jackson, 2010). 
2.4.2Flux Dilution Due to σ2lnK 
Previous studies have shown that the mean and variance of hydraulic heterogeneity 
influence well capture area (e.g. Varljen and Shafer, 1991; Feyen et al., 2001; Maxwell et al., 
2003).  Here, well capture area, which is controlled by σ2lnK and associated streamline spreading 
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directly influence observed BTCs from the localized leakage zone.  As heterogeneity increases 
streamlines converging at a pumping well will originate from more dispersed locations in the 
aquifer (Figure 2.9).  This mixes streamlines at the well that have various origins across the 
domain.  Some of these streamlines may not intersect the source and would thus have zero 
concentration from the source zone. If the source of contamination is small, as is the case of a 
CO2 leak from an abandoned well or localized fractured area (Nordbotten et al., 2005), then 
heterogeneity will serve to dilute the concentration at the pumping well via spreading 
mechanisms.  This is evident by comparing M(C -F) in Figure 2.5, where as heterogeneity 
increases, the source-to-well flux decreases in response to the added dilution at the well from 
streamlines that originate from uncontaminated portions of the domain.  The simulations 
presented here demonstrate that there are two competing processes that drive concentration at the 
well in opposite directions.  The first is that increased σ2lnK shortens residence times and 
enhances disequilibrium allowing less time for kinetic geochemical reactions to take place 
(Figure 2.7 and Figure 2.8).  However, the second process is that expanded well capture in high 
σ2lnK domains will mask the geochemical response to CO2 leakage by diluting impacted water 
with clean water for streamlines that do not pass through the source (Figure 2.5). 
Hydrological heterogeneities that govern plume spreading results in a greater surface area 
along the plume boundary where increased transverse mixing may occur (Le Borgne et al., 2010; 
Luo and Cirpka, 2011).  In high σ2lnK cases transverse mixing can add to the dilution of solute 
observed at the well.  Or conversely mixing can cause small amounts of contamination to occur 
in the well when no direct source-to-well connection is established.  The streamline methodology 
presented here does not account for mixing processes outside the pumping well and therefore the 
results assume that the effect of mixing is small.  Mixing in reactive transport is a notoriously 
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difficult process to account for at the Darcy scale and is typically over estimated (McLaughlin 
and Raun, 2001; Kitanidis, 1994; Knutson et al., 2007; Tartakovsky et al., 2008).  Other reactive 
transport models such as multi-rate and dual domain that represent mass transfer between mobile 
and immobile water at sub-Darcy scales may better account for mixing have been explored in 
literature (Tartakovsky et al., 2008; Luo and Cirpka, 2011; Haggerty and Gorelick, 1995; 
Willmann et al., 2010).  Streamline grid applications have also been shown to better estimate 
mixing compared to conventional Darcy scale methods (Cirpka et al., 1999; Herrera et al., 2010) 
by increase the resolution of flow paths in high and low hydraulic conductive zones and then 
explicitly representing mixing between streamlines. However, these alternative reactive transport 
models come at a considerable computational cost that prevents them from being used in a 
Monte Carlo approach without high performance computing capabilities.  Comparing the 
streamline model presented here to a fully-kinetic reactive transport model which includes 
transverse mixing will help to illicit the utility of the streamline approach (Viswanathan and 
Valocchi, 2004).  An improvement in computational efficiency or understanding of appropriate 
scales to include local transverse mixing remains an important research topic. 
2.4.3Probability of contamination due to σ2lnK    
In addition to the influence that σ2lnK exerts on contaminant spreading and dilution at the 
well, σ2lnK also controls the P(C) from a localized zone of contamination. The probability that any 
given realization in a low σ2lnK domain will have a source-to-well connection is low and results 
in a lower P(F) and P(C-F) than high σ2lnK domains ( Table 2.3 and Figure 2.5).  Heterogeneity 
dictates the size of the well capture zone, where low σ2lnK domains have a small and narrow 
capture zone while high σ2lnK domains have a large capture zone (Figure 2.9).  A narrow capture 
zone increases the probability of the plume missing the pumping well altogether.  Conversely, a 
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large capture zone has a higher probability of streamlines flowing to the pumping well that 
originate or pass through a contaminated source area.   P(C) can counter act dilution effects when 
considering total ensemble characteristics resulting in a non-monotonic response from increases 
in heterogeneity.  For example, little dilution occurred for M(C-F) in the ensemble with a σ2lnK of 1 
in comparison to higher σ2lnK, but P(C-F) was low (Figure 2.5).  The effect of a narrow well 
capture area on the ensemble average BTC, P(C-F) for the σ2lnK of 1 ensemble is to lower the 
expected change in well chemistry for the pumping well.  When σ2lnK = 1, P(F-C) is low, but if 
contamination occurs the M(C-F) BTC could be high.  In contrast, when σ2lnK = 16, P(C-F) is high 
but considerable dilution lowers the M(C-F) BTC.  Where σ2lnK values are moderate, i.e. 3.61, both 
P(C-F) and predicted M(C-F) are high. 
Other mechanisms beyond spreading can affect the P(c) and P(C-F).  For example, the 
estimation of P(C-F) BTC will be unique for different domain dimensions and source and pumping 
well locations.  However, results provided here show that P(C-F) (Figure 2.9) is strongly 
controlled by hydraulic heterogeneities, which increases the chance of well contamination and 
determines the amount of dilution at the pumping well.   Mixing of water moving out of low 
permeable zones into adjacent streamlines may also affect P(C-F) and M(C-F) BTC results, 
especially in aquifers with elevated plume spreading (Le Borgne et al., 2010; Luo and Cirpka, 
2011).  Such mixing could produce higher P(C) for high σ2lnK domains when low permeable areas 
encompass the source zone.  However, this study demonstrates that that dilution at the pumping 
well from a larger volume of clean water in a high σ2lnK aquifer will likely lower concentrations 
of contaminants of concern, i.e. lead, therefore a low P(C-F) and M(C-F) is still likely. 
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2.5 Conclusions 
A streamline method to simulate stochastic, hydro-geochemical reactive transport was 
developed.  This method accounts for both uncertainty in hydraulic conductivity and kinetic 
geochemical reactions.  A hypothetical CO2 leak from a CCS site into a groundwater supply was 
used to test this method.  In this test case a stochastic representation of subsurface uncertainties 
was simulated in combination with geochemical reactive transport.  Interactions between the 
variance of hydraulic conductivity, σ2lnK, and kinetic geochemical reactions were investigated 
with specific attention paid to capturing uncertainty in subsurface properties. 
The streamline approach was found to efficiently solve coupled hydro-geochemical 
transport problems within a stochastic framework.  A link between the σ2lnK and geochemical 
processes was found and it was established that this link was driven by a distribution of solute 
residence times.  Fast flow-paths reduced the solute residence time and thus the time available to 
reach equilibrium with aquifer mineralogy increased concentrations at the well.  It was also 
found that hydrological heterogeneity influenced the amount of dilution of a solute at a pumping 
well.  This dilution effect lowers concentration and competes with the impact heterogeneity has 
on residence times.  Additionally, the variance of hydraulic conductivity controlled probabilistic 
well capture and influenced the uncertainty of well contamination between realizations within an 
ensemble.   This suggests the characterization of the variance of hydraulic conductivity within an 
aquifer along with a stochastic representation of the spatial distribution of hydraulic conductivity 
are important factors when quantifying risks of groundwater contamination. 
Uncertainty in the spatial distribution of hydraulic conductivity is but one unknown 
characterization of the subsurface.  The physical description of a CO2 leak also contains 
uncertainty; the size, location, and flux of CO2 into an aquifer will affect probabilistic outcomes 
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and geochemical reactions.  A heterogeneous distribution of geochemical conditions could also 
impact plume dynamics. Additionally, multiple reactive minerals may exist in the subsurface that 
could release metals of concern (Keating et al., 2010; Little and Jackson, 2010).  A complete 
understanding of the risks associated with groundwater contamination from a CO2 leak will 
require a broad assessment of mineralogies, including synergistic geochemistry where multiple 
chemical reactions may drive outcomes.  Sorption and desorption are also known to play an 
important role reactive transport processes.  Solute residence times in a reactive mineral 
configuration will drive sorption/desorption processes and affect plume the concentration and 
solute BTC, (Apps et al., 2010; Bearup et al., 2012; Siirila and Maxwell, 2012a; Cvetkivic and 
Shapiro, 1990; Brusseau and Zachara, 1993; Pang et al., 2003).  Considering all uncertainties in 
reactive transport is outside the scope of this modeling exercise.  However, the ability of the 
streamline approach to include known geochemical processes demonstrates the usefulness of this 
approach to address coupled hydro-geochemical processes in a stochastic application. 
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CHAPTER 3  
HUMAN HEALTH RISK ASSESSMENT OF CO2 LEAKAGE INTO OVERLYING 
AQUIFERS USING A STOCHASITC GEOCHEMICAL REACTIVE TRANSPORT 
APPROACH  
A paper in review at Environmental Science and Technology 
Adam Atchley5,6,4, Reed M. Maxwell7,8, Alexis K. Navarre-Sitchler2,4  
3.1 Introduction 
Metal release associated with CO2 leakage into potable aquifers from Carbon Capture 
Utilization and Storage (CCUS) projects can potentially increase human health risk.  
Quantitative assessment of human health risk requires numerical simulations that can predict 
elevated metal concentrations in uncertain subsurface conditions and variable exposure pathways 
of individuals within a population to those metals (US. EPA, 1991; US. EPA, 2001; Tartakovsky 
et al., 2012).  A joint uncertainty and variability analysis (JUV) achieves risk assessment 
requirements by including uncertain parameter distributions that characterize a lack of 
knowledge and variability that captures irreducible irregularity among individuals or physical 
parameters(e.g. Bogen and Spear, 1987; Mckone and Bogen, 1992; Hoffman and Hammonds, 
1994; Frey and Rhodes, 1998; Maxwell et al., 1998; Maxwell and Kastenberge, 1999; Daniels et 
al., 2000; Siirila et al., 2012; Siirila and Maxwell, 2012b).  Using JUV analysis, contributions to 
estimated human health risk of uncertainty in subsurface transport and variability such as 
exposure time, metabolized dose, and low dose effects within a population can be evaluated (de 
Barros and Rubin, 2008; de Barros et al., 2009).   
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Uncertainty in groundwater contaminant concentrations is often the governing 
component in human health risk estimates (Andričević and Cvetković, 1996; Maxwell et al., 
1999; Benekos et al., 2007; de Barros et al., 2012; Siirila and Maxwell, 2012a).  Expensive or 
impractical measurements needed to characterize subsurface properties leads to sparse 
subsurface data and ultimately large uncertainties of contaminant transport properties that control 
plume spreading and migration (Cirpka et al., 1999; Herrera et al., 2010; Dentz et al., 2011). 
Stochastic methods, such as Monte Carlo approaches, account for the impact of these 
uncertainties in subsurface characterizations by solving an ensemble of probable subsurface 
configurations (e.g., ref Yeh, 1992; Maxwell et al., 1999; Rubin, 2003; Maxwell et al., 2008).  
Ensemble results from Monte Carlo simulations can then be applied to variable human exposure 
parameters and express risk in a probabilistic fashion (Andričević and Cvetković, 1996; Siirila et 
al., 2012; Siirila and Maxwell, 2012a; Cirpka et al., 1999).  However, the complex geochemical 
processes that govern solute chemistry have not been accounted for in previous modeling 
approaches. 
CO2 leakage from an underground storage reservoir may reduce aquifer pH, inducing 
kinetic mineral dissolution/precipitation and metal sorption/desorption reactions in shallow 
aquifers (Wang and Jaffe, et al., 2004; Kharaka et al., 2008; Carroll et al., 2009; Apps et al., 
2010; Keating et al., 2010; Little and Jackson, 2010; Wilkin and Digiulio, 2010; Peter et al., 
2012; Trautz et al., 2012). As the aquifer sediments re-equilibrate with high CO2, and low pH, 
metals are released into solution.  Thus, unlike many other risk assessment scenarios where the 
contaminant is traced to a single source, in CO2 leakage scenarios the source of metals is diffuse 
and the magnitude of the contamination is a function of the amount and form of metal in the 
aquifer and the rate at which the metal is released.  Mineral reaction rates are dependent on pH 
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and mineral saturation state (Lasaga, 1981; Lasaga, 1984) two parameters influenced by the low 
pH plume.  Moreover, mineral reaction rates and fluid residence times in contact with host 
material are coupled (Maher, 2010; Bearup et al., 2012).  Therefore, in a kinetically driven 
system where subsurface heterogeneity results in a distribution of fluid residence times (Sudicky, 
1986; Rubin, 1991; McLaughlin and Ruan, 2001), a distribution of chemically reactive states will 
develop in the contaminant plume (Yabusaki et al., 1998; Atchley et al., 2013).  Given that 
uncertainty in contaminant concentrations often drives uncertainty in human health risk 
assessments (Andričević and Cvetković, 1996; Maxwell and Kastenberg, 1999; Maxwell et al., 
1999; de Barros and Rubin, 2008; de Barros et al., 2009; de Barros et al., 2012; Siirila et al., 
2012) it becomes necessary to fully account for kinetic release of contaminants in human health 
risk assessments, specifically in systems where reactive minerals are the dominant source.   
    This study builds upon previous work that developed a reliable and accessible 
framework to model geochemical reactive transport in uncertain subsurface conditions using 
stochastic ensemble methods, which were applied to a CO2 leakage scenario (Atchley et al., 
2013).  In this approach advective flow paths, or streamlines, were traced through three 
ensembles of 100 equally probable heterogeneous flow realizations with variance of log 
hydraulic conductivity (σ2lnK) of 1, 3.61, and 16. Fully kinetic, multi-component reactive 
transport was simulated along the 1-D streamlines and results from those simulations were 
mapped back to the 3D grid.   
Here, the ensemble predictions of lead concentrations resulting from CO2 intrusion are 
used in a nested Monte Carlo framework to perform a quantitative individual human health risk 
assessment across a variable population.   Using this approach we show that both hydrological 
flow and geochemical reactions control human health risk.  Variability in exposure due to 
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physiological and behavior factors within a human population are included in this assessment. 
This work demonstrates that in kinetically controlled systems where the host material is the 
contaminant source and a reduction of contamination occurs as reactions approach equilibrium, 
neglecting reaction kinetics results in under predicting human health risk.  
3.2Methods 
This paper uses a stochastic, geochemical, reactive transport model in a JUV human 
health risk assessment: a key advancement in risk assessment.  Changes in pH and reactive 
mineral surface areas are accounted for when calculating dissolution and precipitation rates.  
Streamlines are used to model reactive transport along flow paths between a chemical 
perturbation and a point of interest such as a pumping well used for drinking water.  The 
streamline approach follows that of Atchley et al., (2013), where flow paths are mapped through 
a 3-D flow-field and transformed into 1-D streamlines by a time of flight formulation (see also 
refs Thiele et al., 1996; Crane and Blunt, 1999; Maxwell et al., 2003). The streamline method is 
a well-developed approach for simulating contaminant transport (e.g. refs Simmons et al., 1995; 
Ginn et al., 1995; Batycky et al., 1997; Yabusaki et al., 1998; Tompson et al. 1999a; Tompson et 
al., 1999b; Ginn, 2001; Tompson et al., 2002; Obi and Blunt, 2004; Viswanathan and Valocchi, 
2004; Herrera et al., 2010).  However, relatively few studies have employed streamlines for 
geochemical reactive transport studies (Yabusaki et al., 1998; Atchley et al., 2013; Obi and 
Blunt, 2006).  Stochastic streamline approaches to characterize aquifer transport have been 
developed (Simmons et al., 1995; Ginn et al., 1995; Ginn, 2001), but to our knowledge this paper 
presents the only use of streamlines to simulate kinetic geochemistry within a human health risk 
framework that uses a Monte Carlo approach to explicitly account for subsurface uncertainty. 
 40 
3.2.1 Reactive Transport 
CrunchFlow, a mulitcomponent reactive transport code (Steefel and Lasaga, 1994; 
Steefel and Yabusaki, 1994; Steefel, 2001) was used to solve kinetic reactive transport along all 
streamlines.  Dissolution and precipitation of a mineral species in CrunchFlow is based on 
transition state theory (Lasaga, 1981; Lasaga, 1984) where the rate (rm) of 
dissolution/precipitation of mineral m is dependent on the saturation state of the solution as a 
function of the ion activity product, Qm, of mineral m.  This can be expressed by  
   ,                                                                                                          (3.1) 
where km is the intrinsic rate constant [mol/m2/s],  Am is the bulk mineral surface area [m2/m3], a 
dynamic mineral property that changes with dissolution and precipitation reactions (Steefel, 
2001).  Precipitation occurs when rm is positive and dissolution occurs when rm is negative.  
Saturation Index (SI), a measure of equilibrium between the mineral and aqueous species of the 
mineral, can then be calculated by 
,                                                                                                                    (3.2) 
where Km(eq) is the corresponding mineral equilibrium constant.  A SI of zero where Qm is equal to 
Km(eq) indicates equilibrium.  In oversaturated conditions, SI is greater than zero and mineral 
precipitation may occur.  In undersaturated conditions SI is less than zero and mineral 
dissolution occurs, releasing ions into solution.  
Here, ensembles of equally probable spatial distributions of heterogeneous hydraulic 
conductivity fields for each realization are used to represent uncertainty.   Defined global 
statistics, geometric mean (Kg), variance of log hydraulic conductivity (σ2lnK), and spatial 


















correlation lengths (λ) describe the flow-field.  Variable parameters are evaluated in a nested 
Monte-Carlo fashion with each uncertain representation of the subsurface, following the method 
presented in previous JUV work (Bogen and Spear, 1987; Mckone and Bogen, 1992; Hoffman 
and Hammonds, 1994; Frey and Rhodes, 1998; Maxwell and Kastenberg, 1999; Siirila et al., 
2012).  From the JUV analysis a surface of risk as a function of both uncertainty and variability 
is produced.   Cuts from this surface are plotted as cumulative distribution functions (CDFs) in 
either uncertainty or variability. Variability within the human population over a range of 
sensitivity is distinguished as fractiles of variability where each fractile can be thought of as an 
individual within a population of varying susceptibilities controlled by age distribution and 
variable physiological parameters.  Low fractiles of variability characterize a subset of the 
population with low susceptibility.  Conversely, high fractiles of variability characterize high 
susceptibility in individuals that are likely to experience adverse health effects, while the 50th 
fractile of variability represents the average risk susceptibility within the human population.  In 
this way the JUV can assess uncertainty for a spectrum of susceptibility within a human 
population (Figure 3.1).  
3.2.2Human Health Risk Calculations 
Risk calculations are based on the US Risk Assessment Guidance for Superfund sites 
(RAGS), Volumes I and III (ref US. EPA, 2001, US EPA, 1989), a thorough description of the 
Monte Carlo application to risk assessment is provided by Bogen and Spear (1987), Maxwell and 
Kastenberg (1999), and Siirila et al., (2012).  JUV can be used for carcinogenic and non-





Figure 3.1 Joint Uncertainty and Variability Risk Schematic 
Increased individual lifetime cancer risk is a result of exposure to a carcinogen in up to 
three pathways: ingestion, dermal absorption, and inhalation.  The risk from each exposure 
pathway is found by 
 




where CPFm is the cancer potency factor [kg d/ mg] for contaminant m, ADDm is the average 
daily dose [mg/kg d] of the contaminant, and f*m is the metabolized fraction of the contaminant.  
CPF and f* are parameters specific to each contaminant.  ADDm is a function of the maximum 
contaminant concentration (Cm) [mg /L] recorded over the exposure duration (ED) [yr] and 
population variability parameters specific to the exposure pathway.  In the streamline method Cm 
is calculated as a sum of the product of contaminant concentration at steady state ([Cm]istl ) and 
hydrological flux (Qistl ) of each streamline over the total groundwater flux (Qtot) to the receptor.  









                                                                                                         (3.4) 
 
The ingestion and dermal absorptions ADD pathways are calculated from: 
 
                                                                                         (3.5a)
 
and 
,                                                           (3.5b)
 
 
where IR/BW is the ingestion rate of water per unit body weight [L Kg/d], SA/BW is the skin 
surface area in contact with water per unit body weight [m2/kg], EF is the standard exposure 
frequency [d/yr], and AT is the averaging time or lifetime expectancy [d].  Specific to the ADD 
dermal pathway is Kp,m the dermal permeability coefficient of the contaminant in water [-],  fskin is 





















and CF is a unit conversion factor (1x10-3 L/m3).  The inhalation pathway is a result of 
contaminant volatilization and with a few exceptions is not considered in studies concerning the 
risk due to metals exposure10 and therefore is neglected in this study.  Risk from the two 
considered pathways can be summed to calculate total risk by    







.                                                                                (3.6) 
The human health risk parameters for lead exposure used in this study are listed in Table 
3.1.  A lognormal variation for human exposure was used to capture population variance for  
Table 3.1 Human Health Risk Parameters. 
 
ingestion rate, shower duration, and skin surface area.  Constant health risk parameters such as 
CPF and Kp are specific to lead. 
3.2.3Domain configuration 
A hypothetical CO2 leak was modeled in an idealized aquifer 900 m up-gradient from a 
drinking water well pumping 300m3/day.  The CO2 leak was simulated at the base of the aquifer 
creating a source zone 10m wide, 5m deep, and 13m high, within which all CO2 gas was 
assumed to completely dissolve into the groundwater.  The bottom casing of the pumping well is 
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10m vertically offset from the top of the CO2 source zone, with the well screen extending 30m 
vertically.  Therefore, hydrological heterogeneity is needed for a hydrological connection 
between the CO2 source zone and the pumping well to occur.  One hundred realizations with 
unique spatial distributions of hydraulic conductivity resulting in multiple, equally probable 
transport scenarios were simulated for each ensemble.  Domain set-up and boundary conditions 
follow that of Atchley et al., (2013) where streamlines are used to simulate reactive transport 
within a finely resolved domain resulting from CO2 intrusion into a potable aquifer. 
Streamlines were initiated from the well-screen area. For each flow simulation, 3,131 
streamlines were launched evenly around the pumping well in order to characterize the well 
capture area.  These streamline paths were then traced backwards through the domain using 
particle tracking methods (Pollock, 1988; Schafer-Perini and Wilson, 1991).  Only streamlines 
that crossed the CO2 source zone were selected for transport simulation. The streamline 
definition used here dictates a constant flux in time for each streamline and mixing between 
streamlines does not occur.  Unique streamline fluxes (QSTL) were assigned based on the 
permeability of the grid cell surrounding the pumping well in which the streamline was initiated 
(Atchley et al., 2013).  The average streamline flux was 0.034% of the total well flux, but varied 
between streamlines.  
The geochemical conditions from the previous work Atchley et al., (2013) are used to 
simulate kinetic conditions within an aquifer comprised of 64% quartz by volume, 3% calcite, 
acting as a pH buffer and 0.1 % galena providing a source of lead from mineral dissolution.  
Kinetic parameters and chemical composition are summarized in Table 3.2.  The geochemical 
scenario represents simplified mineralogy but is illustrative of more complex systems and is 
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consistent with recent modeling approaches for leakage problems considering potable water 
aquifers in the United States (Siirila et al., 2012; Zheng et al 2009).  
 
Table 3.2 Geochemical conditions (Adapted from Atchley et al. (2012). 
 
 
The partial pressure of CO2 gas (PCO2) was initially set to 0.01 bar and pH was set to 7 
along the entire length all streamlines at t=0.  A CO2 leak condition with a pH of 4.5 resulting 
from an increase in PCO2 to 30 bar was applied at the source zone.   The leak condition was 
applied to all streamlines at the point of exit from the CO2 source zone.  It was assumed that CO2 
from a leak was in the form of gas or dissolved CO2 in groundwater as determined by Henry’s 
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3.3Results and Discussion 
Concentrations of the contaminant at the pumping well and population exposure 
parameters govern estimated risk (equation 3.5).  For this study it is assumed that human 
population exposure parameters are fully characterized.  Therefore, estimated risk is a function 
of both inter-individual variability and uncertainty in lead concentrations (which reflect 
uncertainty in subsurface reactive transport).  The increased lifetime cancer risk, associated with 
elevated lead exposure calculated from equation 3.6 and averaged over each ensemble, is plotted 
in Figure 3.2 for the 50th and 95th fractile of variability, representing an average and a highly 
exposed individual, respectively.   For the hydro-geochemical conditions simulated here, a small 
increased cancer risk is found for all ensembles, and as expected risk increased for higher 
fractiles of variability (Figure 3.2). 
Figure 3.2 shows that risk increases as σ2lnK increases from 1 to 3.61 and then decreases 
as σ2lnK increases from 3.61 to 16 for all but the 99th and 100th percentiles of uncertainty.   Above 
the 99th percentile, risk decreases as σ2lnK increases for all cases (Figure 3.2, inset).   The shape of 
the risk curve for each ensemble is the same for the 50th and 95th fractiles of variability due to the 
uncertain subsurface characterizations, but differs for each σ2lnK ensemble.  The unique risk curve 
shape and uncertainty for each σ2lnK tested is a reflection of the combined hydro-geochemical 
processes at work, described in the following.   
Subsurface hydrological and geochemical processes control lead concentrations at the pumping 
well (Figure 3.3a), which in turn contribute to the estimated human health risk (Figure 3.2). Here 
we see that σ2lnK affects the time needed for reactive solutes to reach the pumping well and 
therefore the geochemical equilibrium at the well, noted as the Damköhler number (Da = tR/tA) 









Figure 3.3 Cumulative distribution Function (CDF) of Pb concentration for all realizations (a).  
CDF of groundwater flux to the pumping well for all realizations (b). Realization numbers for 
plots a, and b refer to the same simulation.  Average streamline Pb concentration for each 
realization (c).  Pb concentration plotted in c is not flux weighted, and does not include 
hydrological controls of Pb concentration. Plot d shows the average Damkölher number for each 
ensemble, the time to equilibrium (tA) = 500days.   Error bars on plots c and d show the standard 
deviation. 
the time to advect (tA) reactive solute from the point where reactions begin to an established 
endpoint (Jennings, 1987; Steefel and Maher, 2009) (Figure 3.3d).  Equilibrium is met when the 
Damköhler number is equal to or greater than one.  A Damköhler number less than one 
represents an advective system that does not reach equilibrium and should be represented by 
kinetic reactions (e.g. refs Jennings, 1987; Steefel and Maher, 2009).  The time to reach a new 
geochemical equilibrium is approximately 500 days (tR), plotted in Figure 3.4.  The equilibrium 
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state of kinetic reactions then determines the average ensemble streamline metals concentration 
(Figure 3.3c).  In our simulations we see that as σ2lnK increases, reactions are further from 
equilibrium resulting in an increase in streamline lead concentrations.  However, hydrological 
fluxes of chemically impacted water at the pumping well (Figure 3.3b) exhibit strong controls 
over the estimated concentration of lead at the pumping well (Figure 3.3a) and therefore 
influence risk estimates. 
 
 
Figure 3.4 Saturation profiles for Galena and Calcite are plotted against residence time.  Note 
that Calcite and Galena are plotted on different axis and scaled to show changes in SI over time.  
pH and Lead concentrations are plotted against residence time to show changes to solute make-
up corresponding to changes in equilibrium conditions.  tR is shown in both plots and represents 
the time to equilibrium at 500 days.  Profiles from both plots were taken after 3,000 days of 
simulation time. 
A hydrological connection must be established between the CO2 source-zone and the 
pumping well before increased human health risk is observed (equation 3.4 and Figure 3.3a).  
70% of the realizations in the σ2lnK =1 ensemble had no streamlines crossing the CO2 source-
zone and therefore resulted in no risk for those realizations (Figure 2 and Figure 3.3).  More than 
90% of the realizations in the σ2lnK =3.61, and 16 ensembles had streamlines connecting the CO2 
source zone to the pumping well and similarly saw an increase in human health risk (Figure 3.2 
and Figure 3.3) over background levels.   The hydrological flux of streamlines that connect the 
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source to the well also influences the predicted concentration, which then contributes to human 
health risk estimates.  Of the ensembles for the three variances, the σ2lnK of 3.61 had the highest 
flux for 99 realizations, and therefore the largest mean risk, but σ2lnK =1 had the highest flux for 
one realization so the 100th percentile risk for σ2lnK =1 is the greatest (Figure 3.3a and b). 
Furthermore, the σ2lnK = 16 ensemble had the highest average streamline lead concentration for 
all realizations with a source-to-well connection (Figure 3.3c), but a lower risk compared to the 
σ2lnK = 3.61 ensemble, because the source-to-well flux was consistently higher in the σ2lnK =3.61 
ensemble (Figure 3.3b).  Given the importance of the hydrological flux from the CO2 source-
zone to the pumping well when estimating pumping well contamination, proper characterization 
of properties that influence flux will aid risk evaluation.  Here the σ2lnK is shown to influence the 
source-to-well connectivity, but other factors will also play a role, such as aquifer stratification 
(Maxwell and Kastenberg, 1999; de Barros et al., 2009; Siirila et al., 2012).  
The kinetic nature of the reactions simulated resulted in dynamic metal concentrations 
along streamlines until a new chemical equilibrium is met.  The reaction path after the intrusion 
of CO2 and associated drop in pH first triggered galena dissolution, which resulted in a sharp 
initial increase in lead concentration (Figure 3.4).  However, calcite simultaneously dissolved 
and buffered the pH, resulting in a gradual increase in pH along the flow path.  As the pH 
increased, groundwater became oversaturated with respect to galena and induced lead 
precipitation until a new chemical equilibrium was reached at approximately 500 days.  This new 
chemical equilibrium was dictated by aquifer mineralogy and the initial conditions of the CO2 
leak.  The kinetic reaction rates of each reactive chemical species and the reactive surface area of 
the mineralogy determine the time until equilibrium is met (Lasaga, 1981; Brantley and Mellott, 
2000) along with the lead concentration at any point along the reaction path. While galena 
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precipitation may not occur in shallow groundwater or surface water systems (Carroll et al., 
1998; Carroll et al., 2002) lead precipitation could occur in other more complex forms.  
Therefore, the simple representation of lead precipitation modeled here can illustrate the kinetic 
response from more complex systems.   Additionally, other mineralogical compositions could 
affect the estimated metals concentration.  For example, the lack of a calcite buffer or the 
presence of other mineral sources of lead such as lead-bearing metals imbedded in calcite can 
increase metals concentrations in solute and thus increase human health risk (Navarre-Sitchler et 
al., 2013).   Conversely, if no lead-bearing mineral exists, or no dissolution of the lead-baring 
mineral occurs, then there will be no additional risk to human health.   Thus properly 
representing aquifer mineralogy will determine the accuracy of human health risk estimates. 
In this study lead concentration at equilibrium with CO2 leak was approximately 0.33 ppb 
(ug L-1), whereas background lead concentration in equilibrium with the aquifer is 0.002 ppb.  
Dissolution and precipitation reactions in the σ2lnK = 1, and 3.61 ensembles reached equilibrium 
by the time reactive solute reached the pumping well as indicated by having Damköhler numbers 
equal to or greater than one.  Therefore, the average lead concentration of streamlines in both 
σ2lnK = 1, and 3.61 ensembles at the pumping well is at or near 3.33x10-4 ppm (Figure 3.3c).  
Differences between estimated lead concentrations at the pumping well for the σ2lnK = 1, and 3.61 
ensembles (Figure 3.3a) and the estimated human health risk (Figure 3.2) is then only due to 
differences in hydrological flux.  However, streamlines in the σ2lnK =16 ensemble had a 
Damköhler number less than one and did not reach the new geochemical equilibrium.  
Consequently, the average streamline concentration for the σ2lnK =16 ensemble is 5.24x10-4 ppm.  
Therefore, estimated human health risk for the σ2lnK =16 ensemble differ from the σ2lnK = 1, and 
3.61 because of changes in both hydrological flux and the chemical state of solute arriving at the 
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pumping well.  Neglecting kinetic reactions in cases where the Damköhler number is less then 
one will result in a miss representation of human health risk.  A comparison is made between a 
kinetic risk curve, produced by a fully coupled hydro-geochemical model and a risk curve that 
assumes chemical equilibrium is instantly met, where all streamlines have a lead concentration of 
3.33x10-4 ppm (Figure 3.5).       For the geochemical set-up modeled here, assuming that  
 
Figure 3.5 Risk cuts for the 50th fractile of variability are plotted for the σ2lnK = 16 ensemble.  
The Kinetic σ2lnK = 16 cut is the estimated risk with kinetic reactive transport.  The Equil σ2lnK = 
16 cut is the estimated risk assuming the equilibrium concentration of 0.33 ppb (ug L-1) for all 
streamlines. 
chemical equilibrium is instantly met resulted in an underestimation of human health across all 
values of risk.  For other geochemical scenarios that result in contaminant concentrations 





Here a new technique to estimate human health risk is presented that incorporates a 
sophisticated representation of hydro-geochemical interactions and kinetic reactions.  By 
employing the streamline hydro-geochemical technique to ensembles of 100 realizations with 
σ2lnK of 1, 3.61, and 16 we show that hydrological and geochemical conditions affect estimated 
health risk over a range of uncertain subsurface arrangements.  Human health risk increases as 
σ2lnK increases from 1 to 3.61 and decreases as σ2lnK increases from 3.61 to 16 for all but the 
highest percentiles of uncertainty where health risk decreases as σ2lnK increases.  The unique risk 
curve shape for each ensemble is a result of the uncertain hydrological flux represented and 
geochemical state of reactive solute for each realization, suggesting that proper aquifer 
characterization is required to assess health risks from CCUS implementation.  Lastly, a kinetic 
representation of geochemical reactions resulted in accurate human health risk estimates 
compared to non-kinetic simulations.  Here the simple geochemical equilibrium assumption was 
shown not to be protective, illustrating the importance of including kinetic reactive transport and 
uncertainty in human health risk estimates.  The estimated risk to human health from CCUS 
leaks into potable groundwater was found to be low for this hypothetical scenario.  However, the 
purpose of these results are to showcase efficient reactive transport simulations within a human 
health risk frame work, conditions specific to any site in question should be considered for actual 
health risk assessments.  Moreover, recent studies have found increases in more than one 
carcinogenic metal (Keating et al., 2010; Little and Jackson, 2010).  Therefore, a full risk 
assessment should consider the health risk from all a number of host-rock metals rather than just 
lead.  Among the many factors that affect heath risk due to CCUS implementation, coupled 
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CHAPTER 4  
THE EFFECTS OF PHYSICL AND GEOCHEMICAL HETEROGENEITY ON EFFECTIVE 
REACTION RATES  
A paper in preparation for publication in Earth and Planetary Science Letters 
 




Simulating reactive transport of aqueous solutes chemically interacting with aquifer 
mineralogy is essential to understand a wide range of earth processes including chemical 
weathering (Steefel et al., 2005; Navarre-Sitchler et al., 2011; Moore et al., 2012), carbon 
capture utilization and storage (CCUS) (Apps et al., 2010; Atchley et al., 2013; Navarre-Sitchler 
et al., 2013), water quality, and risk assessment (Siirila and Maxwell, 2012).  Particularly, it has 
been shown that CCUS feasibility and impacts to groundwater investigations require the 
consideration of both hydrological and geochemical processes as well as their complex 
interaction (Carroll et al., 2009; Zheng et al., 2009; Wilkin and Digiulio, 2010; Atchley et al. 
2013).  Together hydrological and geochemical conditions form a tightly coupled system that 
shapes the transport and state of chemically reactive solutes.  A large body of literature has been 
devoted to mixing and spreading of a conservative solute under physical subsurface 
heterogeneity (e.g. Mercado, 1967; Dagan, 1984; Sudicky, 1986; Rubin, 1991; Yeh, 1992; 
Cirpka and Kitanidis, 2000).   However, reactive solutes will likely demonstrate unique plume 
development when coupled with transport.  For example, Atchley et al., 2013 demonstrated that 
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solute residence time governs solute conditions in a homogeneous geochemical system.  
Additionally, it is well known that like hydrologic heterogeneity, aquifer mineralogy is also 
spatially heterogeneous and therefore will affect geochemical reactive transport at varying 
degrees in space (van der Zee and Riemsdijk, 1991; Berber et al., 1992; Tompson et al., 1996; Li 
et al., 2010).  Delineating the influence of heterogeneous hydrological processes versus 
geological processes has typically been a difficult task due the dynamic interplay between the 
two processes.  Nevertheless, understanding how a reactive plume evolves due to contributions 
from physical and geochemical conditions will offer insight into the nature of the complex 
systems. 
Physically and chemically heterogeneous systems have been explored at the pore-scale 
(Li et al., 2006; Meile and Tuncay, 2006; Li et al., 2007; Navarre-Sitchler et al., 2009), with the 
purpose of understanding the effects of upscaling small-scale heterogeneity to a homogenized 
larger-scale discrete representative elementary volume (REV).  Glassley et al., (2002) found that 
if each mineral phase of a geochemically heterogeneous system has the same net average fluid 
contact time as a homogenized geochemical system, then mineralogy can be simplified within 
the discrete REV scale.  However, many studies suggest a link between permeability and the 
ability for solutes to react or change that is larger then the discrete REV scale, which is typically 
on the order meters to tens of meters (Valocci, 1989; Tompson et al., 1996; Maxwell et al., 2003; 
Maxwell et al 2007; Scheibe et al., 2007).  Whether it is appropriate to simulate reactive 
transport using domain averaged reaction rates is still an active area of research.  
Two-dimensional studies of the interaction of physical and chemical heterogeneity have 
been performed at field scales, which found that hydrologic characteristics played a large role in 
moving reactive solute to or away from areas of reactivity (Li et al., 2010) in transport limited 
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conditions.  Tompson et al. (1996) tested the strength of negatively correlated reactivity to 
hydraulic conductivity and several heterogeneous structures of linear reaction rates at large 
scales assuming chemical equilibrium.  The study showed that the impact of correlation between 
hydraulic conductivity and reaction rates is evident, but less significant then the overall 
abundance and distribution of reactive mineral surface area.  Moreover, Tompson et al., (1996) 
suggested the need for three-dimensional analysis when investigating the non-linear reaction 
systems.  Seeboonruang and Ginn, (2006) demonstrated a streamtube technique to simulate 
linear kinetic reactive transport over larger-scale physically and chemically heterogeneous 
domains.  They found that homogeneous representations of linear reaction rates would only be 
valid if the chemical heterogeneity is much smaller then that of physical heterogeneity, 
consistent with the work of Glassley et al., (2002).  Yet to be tested is the role the non-linear 
kinetic reactions from transition state theory (Aagaard and Helgeson, 1982; Steefel and Lasaga, 
1994) play in determining the relevance of geochemical heterogeneity in a three-dimensional 
aquifer.   Simulating three-dimensional kinetic reactive transport will build understanding of the 
synergistic role that both physical and geochemical heterogeneity in shaping plume development. 
Representing heterogeneous fully coupled non-linear reactive transport at large scales is a 
computationally expensive endeavor that forces computational investigations to employ high 
performance computing resources (Hammond and Lichtner, 2010; Navarre-Sitchler et al., 2013) 
or to simplify reactive transport by assuming chemical equilibrium (Tompson et al., 1996; 
Sanchez-Vila, 2007; Fernàndez-Garcia, 2008).  Yet, many geochemical reactions are slow in 
time (Bearup et al., 2012), and chemically non-equilibrium conditions may exist along much of a 
plumes length.   Therefore, many studies have ignored the processes of reaching equilibrium, 
which then reduces our understanding of important reactive plume dynamics that can shape 
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solute characteristic at larger scales. Here perhaps the transcendentalist ideas of Emerson should 
be taken to heart that the greatest insight of any process comes from understanding the journey 
itself and not in the destination.  Plainly, knowledge of reactive plume evolution will hold insight 
into the complicated tightly coupled processes of hydro-geochemical transport.  Thus, in order to 
better understand the chemical state of a reactive plume and the effective parameters at any 
point, investigations of a plumes evolution within the non-equilibrium stages is needed. 
Establishing effective weathering and reaction rates that are valid across time and spatial 
scales has been an important research topic (Riebe et al., 2004; Navarre-Sitchler and Brantley, 
2007; Maher, 2010).  Consensus among geochemical and hydrologic literature suggests that 
effective rates decrease with time or advected length scales (White and Brantley, 2003; Lichtner 
and Tartakovsky, 2003; Navarre-Sitchler and Brantley, 2007; Scheibe et al., 2007; Dentz et al., 
2011).  In mixing controlled reactions where two aqueous species must meet before reactions 
occur, effective reaction rates were shown to decrease with advected distance because of 
decreased chemical gradients along the plume edges (Sanchez-Vila et al., 2007; Fernàndez-
Garcia et al, 2008).   Dentz et al., 2011, used a multi rate mass transfer approach to simulate 
reactive solute transferring in and out of mobile and immobile regions along a transport path. 
Effective reaction rates from the model results were shown to be lower than reaction rates used 
for model input due to reactions being limited by the amount of mixing that occurs in low 
permeability inclusions.  However, many geochemical reactions occur without mixing, such as 
the cases of kinetic dis-equilibrium between advected solute and the host material (Lichtner, 
1988; Maher, 2010; Bearup et al., 2012; Atchley et al 2013).  In these types of reactions, non-
linear transition state kinetics will in part cause effective reactions rates to decrease with time 
(Lichtner and Tartakovsky, 2003).  Maher (2010) revealed that both solute residence times and 
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flow rates strongly affected effective weathering in a geochemically homogeneous system.  
Given the inherent heterogeneities in subsurface transport, effective reaction rates should then be 
a function of an assortment of solute residence times and geochemical reactivity.    
Here we use a Monte Carlo technique over an ensemble of 100 realizations to examine 
continuous source plume evolution at a sequence of planes transverse to the X direction.  Three 
geochemical scenarios are examined 1) a homogeneous geochemical condition 2) a positive 
correlation of reactive surface area to grid cell permeabilities, and 3) a negative correlation of 
reactive surface area to grid cell permeabilities is simulated over 100 heterogeneous flow fields.  
Geochemical reactions are simulated as non-linear kinetically driven reactions determined by 
transition state theory (Aagaard and Helgeson, 1982; Steefel and Lasaga, 1994).   It is important 
to note that the domain average reactive surface area is the same for each of the three 
geochemical ensembles simulated and that the homogeneous geochemical domain represents a 
domain averaged reactive surface area.  The positively and negatively correlated surface area 
ensembles are spatially heterogeneous geochemical conditions.  Effective reaction rates are 
calculated for each geochemical ensemble at three planes and compared as the plume develops 
and reaches a new chemical equilibrium.  The sequence of planes then allows for an evaluation 
of plume evolution as it moves towards equilibrium. 
4.2 Methods 
The streamline method outlined by Atchley et al., 2013 is used to simulated kinetic 
geochemical reactive transport of a CO2 induced plume from a source area to a pumping well 
located 900m down gradient.   The streamline methodology is a well-documented approach 
(Thiele et al. 1996; Ginn et al 1995; Crane & Blunt, 1999; Ginn, 2001; Maxwell et al. 2003) that 
reduces three-dimensional transport in space to a one-dimensional transport equation in time of 
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flight or residence time (τ).  In this application a collection of streamlines are initiated at the 
pumping well and traced backwards through the domain for each realization.  Streamline fluxes 
are assigned within each grid cell, noted as j, that the pumping well crosses by  
 
                                                                                                                                   (4.1) 
where Qj is the flux of water from grid cell j to the pumping well within grid cell j and lSTL is the 
number of streamlines seeded around the well in grid cell j.  Qj is found by 
                                                                                                                            (4.2) 
                                                                                                                               (4.3) 
where Kj is the hydraulic conductivity of grid cell j, and Ksum is the sum of all grid cell hydraulic 
conductivities that the pumping well crosses.  Equations 1-3 dictate that streamlines within each 
realization have unique fluxes that reflect the heterogeneous permeability of the aquifer.  
Together the collection of streamlines represents plume movement through a three-dimensional 
aquifer. 
Reactive transport resulting from the CO2 intrusion into the aquifer is simulated along the 
one-dimensional streamlines using CrunchFlow, a fully kinetic multi-component reactive 
transport code (Steefel and Yabusaki, 1996; Steefel, 2001).  It is assumed that the CO2 source is 
continuous for the duration of the simulation.  The simulation duration was 6,000 days or 
approximately 16.5 years.  Geochemical conditions and aquifer mineralogy follow that of 
Atchley et al., 2013, where calcite provides a pH buffering mineral to changes in pH from 
aqueous CO2 reactions and galena dissolution is a source of aqueous lead (Pb2+) contamination.   


















geochemical equilibrium reaction rates are zero.  Crunchflow accounts for changes in reactive 
surface area from mineral dissolution and precipitation reactions.  Therefore, kinetic reaction 
rates change both in space due to changing plume conditions along the transport path, and in 
time due to the changing reactive surface area of dissolving and precipitating minerals.  Here 
changes in porosity from mineral dissolution and precipitation are assumed to be negligible, 
given that the bulk of the aquifer mineralogy is made up of non-reactive quartz (See Table 2 in 
Atchley et al., 2013) and small changes in porosity have been shown to have negligible changes 
in flow (Obi and Blunt, 2004).   
Pb2+ concentrations were calculated at the pumping well and at three planes 
perpendicular to the mean flow direction between the source area and the pumping well.  
Changes in Pb2+ concentrations resulting from the non-linear kinetic reactions as the solute is 
advected down gradient in time illustrate the plume evolution.  The plane locations were at 
300m, 500m, and 700m down gradient from the source area.  The pumping well is 900m from 
the source zone.  A domain map of the pumping well, CO2 source zone, and the three transverse 
planes is shown in Figure 4.1. 
Concentrations of Pb2+ taken at the three planes are only from streamlines that cross the 
source area and are captured by the pumping well.  Therefore, concentrations are not 
representative of the entire plume, but represent the changing chemical conditions of the 
groundwater transported toward the pumping well.  Analyzing the same streamlines at each 
plane allows for the same volume of groundwater to be analyzed at each plane and at the 
pumping well. 
The homogeneous geochemical condition has a specific reactive surface area (SAsp) of 
0.9 and 0.6 for calcite and galena respectively (Table 4.1).  The physical heterogeneity of the  
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Figure 4.1 Domain map of source zone, pumping well, and the three transverse planes.  Plot B 
shows one realization of a permeability field.  Plot C shows a positively correlated surface areas 
domain, plot D a homogeneous surface area domain, and plot E a negatively correlated surface 
area domain.  The same permeability field example is used for all thee geochemical 
representations.  All views are planer. 
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Table 4.1 Ensemble average specific surface area [m2/g] and range of specific surface area. 
 
subsurface had a variance of hydraulic conductivity (σ2lnK) of 3.61.  The two spatially 
heterogeneous geochemical reactive surface area ensembles were simulated across the same 100 
realizations of physical heterogeneity.  Reactive surface areas were positively correlated to 
permeabilities and then negatively correlated to permeabilities (Figure 1) by: 
Positive Correlation =                                                                       (4.4) 
Negative Correlation =                                                                 (4.5) 
where α and b describe the scale and relationship of the surface area correlation. α and b 
parameters were fitted such that both the positively and negatively correlated ensembles had the 
same domain average reactive surface area as the homogeneous reactive surface area ensemble.  
α was 15408.6 and 28947.2 for calcite and galena respectively.  bp was 46725.8  and 87341.5 for 
calcite and galena in the positively correlated case, and bn was 99608.0 and 186688.3 for calcite 
and galena in the negatively correlated case.  Negatively correlating reactive surface area to 
hydraulic conductivity is often assumed because larger surface areas tend to accompany low 
hydraulic conductive areas (van der Zee and Riemsdijk, 1991; Berber et al., 1992; Tompson et 
al., 1996; Seeboonruang and Ginn, 2006).  However, some studies show evidence for positively 
correlating reactive surface area to permeabilities as well, where packing order or mineral 
composition may reduce reactive surface areas in low hydraulic conductive areas (Robin et al., 
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1991; Allen-King et al., 1998; Cunningham and Fadel, 2007; Scheibe, et al 2007).  The ranges 
for reactive surface areas for the positively and negatively correlated cases are shown in Table 1.  
It is important to note that while positively and negatively correlated surface areas will map 
reactive surface areas inverse to each other, they have approximately the same average reactive 
surface areas across the domain.   
4.3 Results and Discussion  
Figure	  4.2	  	  plots	  the	  reactive	  surface	  area	  for	  calcite	  along	  a	  single	  representative	  
streamline	  profile	  from	  one	  realization	  for	  positively	  and	  negatively	  correlated	  surface	  
areas	  along	  with	  a	  homogeneous	  reactive	  surface	  area.	  	  Reaction	  rates	  of	  calcite	  dissolution	  
are	  also	  plotted	  for	  each	  geochemical	  condition.	  	  The	  streamline	  profile	  is	  plotted	  with	  
residence	  time	  on	  the	  x-­‐axis.	  	  An	  area	  of	  low	  permeability,	  and	  therefore	  long	  residence	  
time	  is	  identified	  along	  the	  positively	  and	  negatively	  correlated	  streamlines	  showing	  that	  
reactive	  surface	  areas	  between	  the	  two	  geochemical	  ensembles	  oppose	  each	  other.	  	  Changes	  
in	  reactive	  surface	  area	  and	  subsequent	  changes	  in	  reaction	  rates	  are	  shown	  in	  1000	  d	  
increments.	  	  	  The	  time	  to	  equilibrium	  defined	  below	  as	  τeq	  is	  met	  at	  approximately	  500	  day,	  
and	  is	  identified	  as	  the	  point	  where	  reaction	  rates	  approach	  zero	  (Figure	  4.2).	  	  	  τeq	  remains	  
the	  same	  for	  the	  duration	  of	  the	  simulation	  for	  all	  three	  geochemical	  cases.	  	  This	  suggests	  
that	  the	  geochemical	  condition	  is	  at	  steady	  state	  and	  the	  chemical	  weathering	  front	  does	  
not	  change	  for	  the	  duration	  of	  the	  simulation.	  	  	  
Effective reaction rates for galena dissolution (Krxn,eff ) [mol/m2 s] are calculated for each 
ensemble of positively and negatively correlated surface areas, as well as the homogeneous 




Figure 4.2 Streamline profiles showing reactive surface areas and reaction rates for calcite.  
Positively correlated, homogeneous surface areas, and a negatively correlated profile is shown.  
Because calcite dissolution equates to a negative reaction rate, areas of high reactive surface area 
will correspond to strongly negative reaction rates before equilibrium is met. 
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C0 is the initial Pb2+ concentration [mol/L], which is 7.25E-12 [mol/L].  C is the ensemble Pb2+ 
concentration measured at the planes or pumping well.  β is the stoichiometric coefficient for Pb 
in galena, which is 1.  SAgalena is the specific surface area for galena [m2/g] and Volgalena is the 
aquifer volume fraction of galena [-].  τ is the ensemble median residence time for each plane or 
the pumping well [days].  gf is the conversation factor between grams of water to litters of water, 
1,000 g/L. 
In	  the	  system	  simulated	  here,	  Krxn,eff	  will	  always	  be	  a	  negative	  rate	  because	  of	  the	  
mineral	  dissolution	  of	  galena	  that	  results	  in	  a	  net	  increase	  from	  initial	  Pb2+	  concentrations	  
to	  the	  new	  equilibrium	  Pb2+	  concentrations	  (Figure	  4.3).	  	  However,	  the	  reaction	  path	  from	  
the	  initial	  conditions	  to	  equilibrium	  is	  complex	  in	  that	  the	  source	  of	  contamination	  
originates	  from	  the	  host	  mineralogy	  and	  is	  not	  an	  initial	  input	  into	  the	  system.	  	  
Furthermore,	  the	  reaction	  path	  to	  equilibrium	  is	  defined	  by	  a	  slow	  change	  in	  pH	  due	  to	  
calcite	  dissolution,	  which	  results	  in	  slow	  galena	  precipitation	  after	  an	  initial	  increase	  in	  
Pb2+	  concentration	  from	  galena	  dissolution	  as	  described	  for	  this	  geochemical	  system	  by	  
Atchley	  et	  al.,	  2013.	  	  	  The	  Pb2+	  concentration	  profile	  along	  a	  representative	  streamline	  is	  
plotted	  in	  Figure	  4.3.	  	  The	  buffering	  action	  of	  calcite	  then	  causes	  a	  non-­‐linear	  change	  in	  
reaction	  rate	  as	  residence	  time	  increases	  before	  equilibrium	  is	  achieved	  where	  the	  reaction	  
rate	  approaches	  zero.	  	  The	  change	  in	  reaction	  rate	  occurs	  because	  under	  transition	  state	  
theory	  (Aagaard	  and	  Helgeson,	  1982;	  Steefel	  and	  Lasaga,	  1994)	  the	  change	  in	  rate	  is	  faster	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rates	  at	  far	  from	  equilibrium	  conditions.	  	  Here	  kinetic	  limitations	  to	  regulate	  reaction	  rates	  
are	  not	  observed.	  	  The	  area	  of	  non-­‐linear	  change	  in	  the	  reaction	  rate	  along	  a	  reaction	  path	  	  
 
 
Figure 4.3 A Pb concentration profile of a representative streamline delineating τeq, background 
Pb concentrations, and the new Pb concentration at equilibrium.   Negative values of the slope of 
the blue arrows represent galena dissolution reaction rates. 
 
occurs before τeq is reached.  τeq is analogous to advected distance to which fluid equilibrates 
with aquifer material, noted as Leq by Maher (2010).   Leq can be transformed from distance to 
residence time using the streamline transform 
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where	  v	  is	  the	  velocity	  of	  the	  solute	  traveling	  through	  the	  porous	  media.	  	  Residence	  time	  is	  
plotted	  on	  the	  x-­‐axis	  in	  order	  to	  show	  the	  change	  in	  concentration	  with	  τ.	  	  Blue	  arrows	  are	  









concentration	  profile	  at	  some	  distance	  down	  gradient,	  illustrating	  the	  linear	  rate	  of	  change	  
in	  Pb2+	  concentration	  over	  residence	  time	  τ.	  	  Given	  that	  the	  simplest	  form	  Krxn,eff	  is	  the	  
change	  in	  concentration	  over	  the	  change	  in	  time,	  the	  negative	  value	  of	  the	  slope	  of	  the	  blue	  
arrows	  are	  then	  Krxn,eff	  for	  the	  net	  galena	  dissolution	  for	  a	  given	  point	  along	  the	  streamline	  
profile.	  	  Note	  that	  Krxn,eff,	  then	  ignores	  the	  dynamic	  change	  in	  Pb2+	  concentration	  leading	  to	  
the	  point	  of	  observation	  along	  the	  streamline	  profile.	  
	   Here	  two	  zones	  that	  affect	  Krxn,eff	  	  are	  delineated.	  	  First	  the	  kinetic	  condition	  zone	  is	  
noted	  before	  τeq,	  where	  Krxn,eff	  changes	  non-­‐linearly	  with	  residence	  time	  as	  the	  solute	  
approaches	  equilibrium.	  	  The	  second	  zone	  is	  after	  τeq,	  noted	  as	  the	  equilibrium	  zone	  (Figure	  
4.3),	  at	  which	  point	  Krxn,eff	  will	  only	  decrease	  with	  increase	  residence	  time	  because	  no	  
further	  chemical	  change	  occurs	  after	  geochemical	  equilibrium	  is	  met.	  	  In	  the	  equilibrium	  
condition	  zone	  there	  is	  no	  longer	  any	  kinetic	  involvement	  in	  determining	  the	  change	  is	  Pb2+	  
concentration	  over	  the	  change	  in	  time.	  	  The	  Damköhler	  number	  can	  also	  be	  used	  to	  define	  
the	  transition	  between	  the	  zone	  where	  reactions	  and	  advection	  contribute	  to	  Krxn,eff	  and	  
where	  only	  advection	  contributes	  to	  Krxn,eff..	  	  Here	  the	  Damköhler	  (Da)	  is	  defined	  by:	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where	  tA	  is	  the	  residence	  time	  of	  solute	  due	  to	  advection	  at	  the	  point	  of	  observation	  
(Boucher	  and	  Alves,	  1959;	  Jennings,	  1987;	  Steefel	  and	  Maher,	  2009).	  	  	  At	  a	  Da	  less	  than	  one,	  
reaction	  kinetics	  and	  advection	  will	  contribute	  to	  Krxn,eff,	  a	  Da	  greater	  than	  one	  kinetics	  will	  





4.3.1Reactive Plume Evolution 
Steady state Pb2+ concentration break through curves (BTC) are shown Figure 4.4 for all 
three geochemical conditions decrease as the travel distance increases. This figure shows a 
decrease in concentration as the travel distance increases.  This decrease in concentration reflects 
galena precipitating out of solution as geochemical equilibrium is approached.  The difference in 
steady state becomes smaller between the three geochemical conditions as the travel distance 
increases.  All three conditions eventually reach the same geochemical equilibrium, regardless of  
 
Figure 4.4 Ensemble average breakthrough Curves for all three geochemical ensembles are 
shown for each plane and the pumping well.  
 
the reactive surface area encountered.  The difference of steady state Pb2+ concentration for each 
ensemble at short travel distances suggests that the approach to equilibrium is an important stage 
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in kinetic reactive transport, a finding supported by recent studies (Maher, 2010).  In the kinetic 
condition zone, geochemical conditions will play a role in determining solute concentrations and 
effective reaction rates. Here we demonstrate that it is not enough to simply model the non-linear 
kinetics before τeq has been reached, because the heterogeneous configuration of reactive surface 
area matters.  However, as time progresses and solute chemistry reaches the new geochemical 
equilibrium, heterogeneous reactive conditions will have a smaller influence on solute 
characteristics.  This is illustrated in the streamline profiles plotted in Figure 4.2 where  
 
 
Figure 4.5 Residence time cumulative distributions for each plane and pumping well. 
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permeability is considerably lower between residence times of 500 and 900 days.  Large changes 
in reactive surface area are seen here where surface areas are positively and negatively correlated 
to permeability.  However, because solute conditions have already reached τeq at approximately 
500 days residence time, subsequent changes in reactive surface area will not change reaction 
rates and therefore affect solute conditions.  Therefore, at long time and spatial scales beyond τeq 
using domain average reactivity will be an acceptable approach. 
The ensemble residence time distribution increases with distance, reflecting that 
transported solute will sample a larger distribution of permeabilities and therefore reactive 
surface areas over time for the two heterogeneous geochemical cases (Figure 4.5).  Yet, steady 
state Pb2+ concentration comes into agreement at larger distances (Figure 4.4), because the plume 
will eventually reach the same chemical conditions for homogeneous and heterogeneous 
geochemical cases.  However, the time to τeq and the evolution of the plume within the kinetic 
condition zone will be unique for each of the three geochemical cases simulated.  Here the role  
that	  physical	  heterogeneities	  plays	  in	  determine	  solute	  residence	  time	  and	  therefore	  the	  
chemical	  condition	  is	  especially	  important	  as	  aquifer	  conditions	  such	  as	  σ2lnK	  (Atchley	  et	  al.,	  
2013)	  and	  aquifer	  stratification	  varies	  (Siirila	  et	  al.,	  2012).	  	  Moreover,	  the	  hydrological	  
determination	  of	  solute	  residence	  time	  then	  controls	  the	  length	  scales	  or	  Leq	  at	  which	  τeq.	  	  
Considering	  that	  each	  realization	  is	  a	  collection	  of	  streamlines	  with	  unique	  residence	  times	  
and	  fluxes,	  the	  Pb2+	  concentration	  at	  any	  given	  transverse	  plane	  is	  a	  product	  of	  a	  host	  of	  
solute	  conditions	  resulting	  from	  the	  collective	  residence	  time	  intersecting	  the	  plane.	  	  
Moreover,	  each	  realization	  has	  a	  unique	  collective	  residence	  time	  that	  makes	  up	  the	  
ensemble	  residence	  time.	  	  Therefore,	  the	  ensemble	  Pb2+	  concentration	  at	  a	  given	  plane	  is	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then	  a	  result	  of	  the	  ensemble	  distribution	  of	  solute	  residence	  times.	  
Krxn,eff	  	  was	  calculated	  using	  equation	  4.6	  and	  the	  median	  residence	  time	  for	  each	  
plane	  shown	  in	  Figure	  4.5.	  	  	  Consistent	  with	  literature	  (Lichtner	  and	  Tartakovsky,	  2003;	  
Dentz	  et	  al.,	  2011)	  the	  departure	  of	  reaction	  rates	  from	  zero	  decreases	  with	  residence	  time	  
(Figure	  4.6A	  and	  Table	  4.2)	  for	  all	  cases	  simulated.	  	  Moreover,	  the	  variation	  of	  Krxn,eff	  	  
between	  the	  three	  cases	  simulated	  also	  decreases	  with	  increase	  residence	  time	  (Figure	  
4.6B).	  	  The	  difference	  of	  Krxn,eff	  	  between	  the	  three	  geochemical	  cases	  taken	  at	  each	  plane	  is	  
small	  relative	  to	  the	  total	  change	  in	  Krxn,eff	  as	  residence	  time	  increases.	  	  Other	  forms	  of	  
heterogeneities,	  such	  as	  aquifer	  stratification	  may	  increase	  the	  difference	  of	  Krxn,eff	  between	  
the	  positively	  and	  negatively	  correlated	  reactive	  surface	  area	  ensembles.	  	  In	  order	  to	  
highlight	  the	  varation	  of	  Krxn,eff	  at	  each	  plane	  the	  percent	  difference	  of	  Krxn,eff	  for	  all	  
geochemical	  cases	  tested	  and	  Krxn,eff	  (homogeneous)	  is	  plotted	  for	  each	  plane	  in	  Figure	  4.6B.	  	  	  
	  
Figure 4.6 Plot A shows the change in Krxn,eff for galena dissolution for each geochemical 
ensemble at the median residence time of each plane and the pumping well.  Plot B shows the 
percent difference of each geochemical ensemble Krxn,eff of the homogeneous geochemical 
ensemble at the corresponding residence time for each plane and pumping well.  Note that the 
Krxn,eff converge as residence time increases. 
While	  the	  variation	  of	  Krxn,eff	  appears	  to	  be	  small	  even	  at	  short	  travel	  distances,	  the	  Krxn,eff	  of	  
each	  geochemical	  condition	  results	  in	  the	  range	  of	  Pb+2	  concentrations	  predicted	  for	  early	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stages	  of	  the	  plume	  evolution.	  	  Like	  the	  BTC	  show	  in	  Figure	  4.4,	  Krxn,eff	  for	  each	  geochemical	  
case	  comes	  into	  agreement	  as	  equilibrium	  is	  approached.	  	  	  Even	  though	  the	  domain	  average	  
	  
Table 4.2 Ensemble Median residence time, Krxn,eff , and Pb concentration. 
	  
	  
reactive surface areas are the same for each geochemical cases simulated ( 
Table 4.1), the Krxn,eff  varies between the three cases in the kinetic condition zone.  Here the 
interplay between geochemical and physical heterogeneities becomes apparent.  In the positively 
correlated ensemble, reactions occur fast in areas where transport is also fast, which brings solute 
in preferential flow paths to near equilibrium conditions.  Reactions are slow in streamlines with 
long residence times, but because residence times are also long, reactions have ample time to 
reach equilibrium before being sampled.  The net result is that solute in the positively correlated 
ensemble reaches equilibrium faster than the other ensemble tested and the change in Pb2+ 
concentrations between the planes at longer distances is smaller compared to the other 
geochemical conditions tested (Table 4.2).  In the negatively correlated ensemble reactions are 
fast in slow moving water and reach geochemical equilibrium relatively quickly even though 
solute has advected a short distance.  However, solute in fast moving preferential flow paths 
reacts slowly and does not reach equilibrium before being sampled at the transverse planes or 
pumping well.  Moreover, because preferential flow paths have larger fluxes of water relative to 
slower moving flow paths (Moreno and Tsang, 1994; Atchley et al., 2013) a larger portion of the 
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water being measured at the planes or pumping well is not at equilibrium even at larger travel 
distances for the negatively correlated ensemble.  Therefore, the Pb2+ concentration at the 
pumping well is higher than the other two geochemical conditions simulated (Table 4.2).   
Here Krxn,eff  was calculated for a complicated reactive system where Pb2+ concentration 
quickly increased at first and then slowly decreased over time as the advected solute precipitated 
galena.  The net affect is to increase Pb2+ concentration from initial galena dissolution even 
though the slow kinetics results in Pb2+ precipitating as galena from solution.  In simplified cases 
where concentrations are determined only by slow kinetic precipitation or dissolution but not 
both, negatively correlating reactive surface area to permeability will still result in a larger 
departure from equilibrium over the duration of the reaction path compared to positively 
correlated reactive surface areas in preferential flow paths.  This is conceptually demonstrated in 
of reactive surface area is strong enough, τeq and Leq could also be extended in time.  In this case, 
Figure 4.7 for both a precipitation and dissolution reaction. Moreover, if the negative correlation  
 
Figure 4.7 Simplified reaction profiles for positively and negatively correlating reactive surface 
area in a precipitation and dissolution reaction.  Δτeq shows the changing time to equilibrium 
between the two geochemical cases.  The slope of the arrows demonstrate the different for 
positively and negatively correlated profiles.  
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the Krxn,eff  will be smaller in the negatively correlated case, but the affect of extending the 
reactive times scales is the same. 
Figure 4.8 illustrates the combined effect of both geochemical and physical 
heterogeneities for both the positive and negatively correlated cases when predicting reactive 
 
Figure 4.8 Positively and negatively correlated plumes from two representative realizations are 
shown to illustrate the extended fingering and larger Pb concentrations in the negatively 
correlated ensemble.  
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transport within the Kinetic condition zone.  Plume fingering extends further in the negatively 
correlated domains compared to the positively correlated domains confirming the conceptual 
model presented in Figure 4.7.  Here, higher Pb2+ concentrations extend further down gradient in 
the two negatively correlated realizations shown in Figure 4.8.   Both the positively and 
negatively correlated ensembles have the same average domain properties of reactive surface 
area, and solute residence time.  However, the interplay between geochemical heterogeneity 
results in different reactive plume lengths and plume evolution. Negatively correlating reactive 
surface area to permeability extends the kinetic condition zone, which calcite buffering takes 
place.  The slower buffering action in turn slows galena precipitation and extends the plume 
fingering.   Yet, because Krxn,eff is the rate of Pb2+  concentration change from an initial condition 
that is much lower than the new equilibrium, Krxn,eff is higher in the negatively correlated case.  
Moreover, because reaction rates decrease non-linearly in time within the kinetic condition zone 
due to transition state theory, the relationship between physical and geochemical heterogeneity is 
more important before τeq.  Within the kinetic condition zone, negatively correlated reactive 
surface areas will express larger departures from plume characteristics defined by averaged 
aquifer parameters as shown in Figure 4.4.    Furthermore, because preferential flow defines 
heterogeneous and highly stratified aquifers, the affect of extended plume lengths in cases where 
negative correlation between reactive surface area and permeability occurs should be larger. 
 
4.4Conclusions 
Here a conceptual model describing how Krxn,eff changes in time was presented in Figure 
4.3and Figure 4.7.  Two zones of Krxn,eff change are delineated.  The first zone is before τeq noted 
as the kinetic condition zone, where reaction kinetics contribute to the change in Krxn,eff.  In 
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kinetic condition zone the non-linear kinetics reduce Krxn,eff as geochemical equilibrium is 
approached in systems where precipitation defines solute concentration.  Solute residence times 
as dictated by hydrological parameters also contribute to Krxn,eff.  After τeq is achieved, the 
equilibrium condition zone, where residence time is the sole governor of Krxn,eff.  In the 
equilibrium condition zone, reactive solute concentration changes no longer occur and the plume 
becomes non-reactive, but because residence time still increase,  observed or calculated Krxn,eff 
will become lower.  Beyond τeq simplified reactive transport models that assume geochemical 
equilibrium will also demonstrate the reduction of krxn,eff as time increases.  Therefore, using 
models that assume reactive solute instantly reaches equilibrium in the equilibrium condition 
zone becomes a valid approach.  However, the non-linear change in solute concentration and 
associated change in krxn,eff will not be captured.  Given that long residence times occur in nature 
due to heterogeneities in the subsurface, a fraction of the solute measured at an observation point 
will be at or near the new equilibrium, and therefore lower the Krxn,eff  observed compared to lab 
measured rates.  Conversely, systems that are defined by preferential flow such as aquifer 
stratification or σ2lnK will increase Krxn,eff  due to smaller ensemble residence times.  Therefore, 
neglecting kinetic reactive transport in aquifers with un-quantified solute residence time is 
problematic.  
Results from a simulated CO2 intrusion into an aquifer with calcite and galena show that 
after an initial increase in Pb2+ concentration there is a slow kinetically driven decrease in Pb2+ 
concentration.  While galena precipitation is not always observed in near surface aquatic systems 
(O'Day et al., 1998; O’Day et al., 2000; Carroll et al., 2002), the time dependent precipitation of 
galena simulated here provides a good example of how residence time and non-linear kinetic 
rates determines solute concentrations before equilibrium is met.  BTC of a series of planes show 
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the decrease in Pb2+ concentration for all three geochemical ensembles resulting from the 
decrease in Krxn,eff time.  At early times and distances close to the CO2 source zone the change of 
Krxn,eff is non-linear causing each of the geochemical ensembles to exhibit unique Krxn,eff because 
of distinctive reactive surface area configurations.  In this kinetic condition zone, the spatial 
representation of reactivity must be considered along with the distribution of solute residence 
times.  Here we show that positively and negatively correlating reactive surface area to the 
permeability results in a departure of Krxn,eff from that of a domain with the same average Krxn,eff, 
suggesting that domain average reactivity may not be an appropriate model parameter before τeq. 
This change in Krxn,eff will result unique solute conditions within the kinetic condition zone and 
illustrates the need to spatially represent heterogeneous reactive surface areas in systems that 
have not yet reached τeq.  Moreover, because Krxn,eff  determines τeq, using domain average Krxn,eff  
will produce error in estimating τeq and Leq. 
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CHAPTER 5  
GENERAL CONCLUSIONS 
A streamline approach to model hydro-geochemical transport over large domains is 
developed that deterministically solves transport and non-linear kinetic reactions in a Monte 
Carlo ensemble of physically heterogeneous aquifers.  A CO2 intrusion into a potable aquifer 
from a hypothetical CCUS operation is used to showcase the applications of the streamline 
approach for simulating complex reactive transport.  The geochemical reactions following the 
introduction of CO2 releases Pb2+ into solution, in this scenario the contaminant of concern 
originates from aquifer mineralogy rather than the CO2 source itself. The principle advancement 
in computational reactive transport centers on the efficiency of the streamline approach.  
The increased efficiency allowed for propagation of physical and geochemical uncertainties 
using a Monte Carlo technique, where ensembles of reactive transport are simulated 
over heterogeneous realizations.  Prior to this work, ensembles of three-dimensional transport 
with non-linear kinetic geochemical reactions have never been simulated on desktop computing 
resources.  Here, three ensembles with 100 realizations each of three-dimensional transport and 
non-linear kinetic geochemical reactions are simulated on for σ2lnK of 1, 3.61 and 16 on an 8-core 
Linux machine within 72 hours.   
 
The ability to simulate ensembles of complex hydro-geochemical interactions allows for 
the investigation of both uncertainties in hydraulic conductivity and kinetic geochemical 
reactions.  Chapter 2 illustrated the interactions between σ2lnK and kinetic geochemical reactions 
with in an ensemble of uncertain subsurface realizations.  The interactions of σ2lnK and kinetic 
geochemical reactions were driven by the distribution of solute residence times.  As σ2lnK 
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increased solute ensemble average residence decreased.   Fast flow-paths had low solute 
residence times and therefore the time available to reach equilibrium with aquifer mineralogy is 
also low which then resulted in increased Pb concentrations at the pumping well.   However, as 
σ2lnK increases so does dilution from plume spreading, which counteracts the high Pb 
concentrations arriving at the well from streamlines with short residence times.  Additionally, the 
σ2lnK controlled the likelihood of well contamination and influenced the uncertainty of well 
contamination between realizations within an ensemble, which suggests the importance of 
charactering subsurface σ2lnK. 
 
Chapter 3 illustrates the ability of this streamline approach to quantify human health risk 
including a sophisticated representation of hydro-geochemical interactions and the non-linear 
reaction kinetics.  Representation coupled hydro-geochemical processes within the ensemble of 
100 realizations with σ2lnK of 1, 3.61, 16 revealed that both hydrological and geochemical 
conditions affect human health risk estimates over a range of uncertain subsurface environments.  
Human health risk increased as σ2lnK increased from 1 to 3.61 and decreases as σ2lnK increases 
from 3.61 to 16 for all but the highest percentiles of uncertainty where health risk decreases as 
σ2lnK increases (Figure 3.2).  the importance of including subsurface heterogeneity, by showing 
that the shape of a risk curve is result of the uncertain hydrological flux represented and 
geochemical state of reactive solute from each realization (Figure 3.3).  Moreover, accounting 
for kinetic reactions resulting in protective risk estimates compared to non-kinetic simulations in 
cases where the solute has not yet achieved geochemical equilibrium.  The human health risk 
estimates from increased Pb2+ concentrations due a CO2 intrusion were found to be low.   
However, the purpose of chapter 3 was to showcase efficient reactive transport simulations 
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within a human health risk framework, and do not represent actual the actual risk that might 
occur due to CO2 intrusions into potable aquifers.  
 
Physical heterogeneity was repeatedly shown to govern the development of a reactive 
plume in Chapters 2 and 3.  Chapter 4 explored the inter-play between physical and geochemical 
heterogeneity.  Geochemical heterogeneity was represented by spatial distributions of reactive 
surface area, which then determines the reaction rate.  Reactive mineral surface areas were linked 
positively or negatively to hydraulic conductivity, but the domain average reactive surface area 
was the same between all ensembles simulated.   Three ensembles were simulated using the same 
100 physically heterogeneous domains.  The evolution of the reactive plume was evaluated at 
successive cross-section planes of the plume before geochemical equilibrium was achieved.  
Effective reaction rates were also calculated for each ensemble as the plume approached and 
achieved geochemical equilibrium.  BTCs of each plane in Figure 4.4, show the decrease in Pb2+ 
concentration for all three geochemical ensembles resulting from the decrease in effective 
reaction rate time.  At early times and distances close to the CO2 source zone the change 
effective reaction rate is non-linear causing each of the geochemical ensembles to exhibit unique 
effective reaction rates because of distinctive reactive surface area configurations.  As 
equilibrium is achieved the effective reaction rate for each ensemble comes into agreement with 
each other.  A conceptual model illustrating how non-linear kinetic reactions influences effective 
reaction rates and pre and post equilibrium conditions are presented in Figure 4.3 and Figure 4.7.  
The dissolution and precipitation rates for the positively and negatively correlated ensembles 
illustrated in Figure 4.7 demonstrate that the relationship between physical and geochemical 
heterogeneity can determine the amount of time needed to achieve equilibrium and plume 
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evolution even when the domain average reaction rates are the same.  The implications of 
Chapter 4 is that neglecting the spatial representation of reactive surface areas will not accurately 
represent plume development and therefore solute concentrations before a reactive plume 
achieves equilibrium.  
 
Together, Chapters 2, 3, and 4, demonstrate the usefulness of simulating kinetic reactive 
transport in a Monte Carlo ensemble.  Without the streamline approach, simulating ensembles of 
non-linear kinetic reactions occurring in physically heterogeneous three-dimensional transport 
systems is not attainable using desktop computational resources.  Chapter 2 linked σ2lnK and 
geochemical processes together by the distribution of solute residence time for a given σ2lnK.  
Chapter 3 demonstrated the importance of simulating non-linear kinetic reactions to estimate 
human health and demonstrated how both hydrological and geochemical processes contribute to 
human health estimates.  Chapter 4 presented a conceptual diagram that illustrates when non-
linear kinetics shape plume evolution and when transport conditions are the only mechanism 
governing plume characteristics.  At times where non-linear kinetics contributes to plume 
evolution, the spatial distribution of mineral surface areas needs to be accounted for.  The 
processes described by each chapter are observable within the ensemble framework and therefore 
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In order to transport a solute along a streamline and maintain temporal resolution a 
transform is necessary to convert a 3-D transport equation to a 1-D streamline equation (Thiele et 
al., 1996l Batycky et al., 1997; Crane and Blunt, 1999; Tompson et al., 1999; Tompson et al., 
2002; Maxwell et al., 2003).  3-D transport of aqueous chemical species i in a steady state 
incompressible flow can be expressed in the form of a mass conservation equation as 
                                                                                                                (A.1)  
where Ri is the total reaction rate of species i in solution [Mol/L3 T], C is the concentration of the 
transported species, [M/Vol], and vt is the total velocity [L/T].   In a divergence-free groundwater 
flow regime, with no mass transfer perpendicular to the flow direction, an advected particle will 
travel a distance (d) along a path defined by the streamline length.  Therefore, d [L] is the total 
distance along a path that moves within x, y, and z coordinate space.  Therefore, we can reframe 
the 3-D advection equation (A-1) with a 1-D equation that only considers the change over a 
distance along a path rather then the concentration change in x, y, and z coordinate space. 
                                                                                                                    (A.2) 
The time of flight of a particle [τ], is the time necessary to reach a distance d at location ζ along 
a streamline and is expressed as 
.                                                                                                                        (A.3) 
where an explicit relationship between d, τ, and v can be shown as 
                                                                                                                                      (A.4) 
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τ  in equation (A-3) can then be substituted for d in equation (A-2) resulting in the following 1-D 
streamline transport equation. 
                                                                                                                      (A.5) 
Note that velocity is incorporated into τ and therefore velocity is not directly considered in the 
streamline transport equation.  Given the dependence on τ, a careful formulation of residence 
time through the domain must be conducted.  Here the τ in each direction is calculated following 
Schafer-Perini and Wilson’s, (1991) method by: 
                                                                        (A.6) 
 
where v1 is the particle velocity at the point of entry of a grid cell and v2 is the point of exit in the 
coordinate direction [L/T],  Δxyz is the distance between the point of cell entry to point of exit for 
the coordinate direction [L],  p is the final location of particle and pi is the initial location [L], 
and ϕ is the porosity of the grid cell.  The exit point of the particle is then found at the cell face 
along the shortest coordinate travel direction following a complete description found in Pollock, 
(1988).  The particle location on the cell face is determined by the distance traveled in each 
direction within the time that the particle is in the cell.  Particles are traced from grid cell face to 
grid cell face in this manner starting from the point of particle seeding to either a capture zone or 
domain boundary and thus draw a streamline in 3-D space.  Summing τ along the particles path 


















































  Streamlines are initiated by seeding cells surrounding a pumping well with particles and 
then reversing velocities and tracing backwards through the domain. Pumping well screens that 
extend through multiple grid cells, are flux weighted for each streamline based on the 
permeability of the grid cell and averaged by the number of streamlines launched within each 
grid cell.  The streamline flux QSTL for any given streamline is then found by 
                                                                                                                                  (A.7) 
where Qj is the flux of water from grid cell j to the pumping well within grid cell j and lSTL is the 
number of streamlines seeded around the well in grid cell j.  Qj is found by 
                                                                                                
                                                                                                                              (A.8) 
        
where Qt is the total flux of the pumping well [L3/T], and Kj is the permeability of grid cell j.  
Ksum is the average permeability of all cells surrounding the pumping well screen. 
At each time step a concentration profile can be created for all streamlines and associated 
grid blocks based on τ and concentrations along the streamlines can be easily mapped back to the 
simulated domain used to produce the flow field.  The concentration at a grid cell Cjik for a given 
time is determined according to a volume flux averaging of all the streamlines (l) concentration τ 
segments Csll that pass within the grid cell by: 





















where ω, the weighting factor for each streamline is determined as a ratio of the streamline flux, 
the total flux and τ for all streamlines passing through the grid cell. 













































Kinetic Reaction Implementation 
CrunchFlow is a multicomponent reactive flow and transport modeling code (Steefel and 
Lasaga, 1994; Steefel, 2001) used here to solve 1-D transport and chemical reactions along each 
streamline mapped by   
.                                                                                                                    (B.1) 
CrunchFlow allows for simulation of full kinetic dissolution/precipitation of mineral species 
based on transition state theory (Lasaga, 1981; Lasaga, 1984; Aagaard and Helgeson, 1982), and 
kinetic modeling of sorption/desorption processes.  Here the rate rm of dissolution/precipitation 
of mineral m is dependent on the saturation state of the solution as a function of ion activity 
product, Qm, of mineral m, given by  
   .                                                                                                                        (B.2) 
Where aj are the activities of the primary species used in writing the mineral reaction, and ηm,j 
are stoichiometric coefficients of those species in mineral m.  Saturation index (SI), a measure of 
equilibrium with the solid phase mineral and aqueous species of the mineral, can then be 
calculated by 
                                                                                                                       (B.3) 
where Km(eq) is the corresponding mineral equilibrium constant.  At equilibrium Qm = Km(eq) and 
the saturation index is zero.  For oversaturated conditions, when mineral precipitation is 





















dissolution releases ions into solution. The variable rate rm ( mol/m3/s), of mineral m is then 
found by 
,                                                                                                               (B.4) 
where Am is the bulk mineral surface area [m2/m3], and km is the intrinsic rate constant 
[mol/m2/s] [65].  rm is positive for precipitation and negative for dissolution and is used to 
calculate the rate of change of a given aqueous species (Rmini [Mol species/m3 water / s]) in 
solution resulting from mineral reactions] 
! 
Ri
min = "# $i,mrm
m=1
Nm
%                                                                                                                     (B.5) 
where Nm is the number of minerals present in solid phase, and ηi, m is the number of moles of i 
in mineral m and φ is the porosity used to convert aquifer solid phase mineral volumes into the 
aquifer aqueous volume .  Similarly, the rate of change of an aqueous species j, resulting from 
homogenous aqueous reactions can be found by 
! 
R j
aq = "# v j,srs
s=1
Ns
$                                                                                                                        (B.6) 
where vi,s is the number of moles of primary species j in one mole of secondary species s, and rs 
is the reaction rates of the secondary species.  Rmini is summed with Raqi to find the reaction term 
Ri used in equation B-1 (Steefel, and Yabusaki, 1996; Steefel, 2001). 
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